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Abstract

Electrochemical reduction is a promising technology to treat polluted water contaminated by nitrate and nitrite ions under mild
conditions. NO is an important intermediate species and determines selectivity toward different product and rate of whole
reaction. However, the most studied NOER electrocatalysts are noble pure metal, which face problems of low utilization and
high cost. Herein, by means of density functional theory computations, catalytic performance of 2D TM-Pc sheets (TM = Sc, Ti,
V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Nb, Mo, Ru) as NOER catalysts were systematically evaluated. Among all the studied 2D TM-Pc
sheets, our results revealed 2D Co-Pc sheet was identified as the best NOER catalyst, for a proper NO absorption energy and its
relatively low limiting potential. The final reduction product of NOER is either NH; at low coverages with energy input of
0.58 eV or N,O at high coverages with no energy barrier. Moreover, 2D Co-Pc sheet can efficiently suppress the competing HER.
This study could not only provide a new approach for electrochemical denitrification to resolve environmental pollution but also
be useful for valuable ammonia production.
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Introduction

Nitrogen is one of the most abundant and important elements
in the human body, which can be converted to a wide range of
inorganic compounds, including nitrate (NO3 ), nitrite
(NO, ), nitric oxide (NO), nitrous oxide (N,O), ammonia
(NH3), and so on (Canfield et al. 2010a; Galloway et al.
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2008). Through the biological action of nitrifying bacteria
and denitrifying bacteria, NH; is converted to NO, and
NO;, and then it goes back to N,, completing the cycle of
nitrogen in nature (Anonymous 2011; Miller et al. 2006).
Although NO, and NOj  are naturally present at low con-
centrations, artificial sources lead to elevated NO, and NO;
levels, such as overfertilization in agriculture and large-scale
animal husbandry (Seiler 2005). Because of low efficiency of
nitrogenous fertilizer, about 20% of the nitrogenous fertilizer
globally is lost through leaching (Clark et al. 2020).
Continuous accumulations of NO, and NO; ™ ions in surface
and ground water lead to water pollution. Ingestion of NO,
and NO;  ions in high concentrations can lead severe healthy
problem, causing methemoglobinemia, liver damage, and
cancer (Duca and Koper 2012). NO, " is the primary reduction
product of NO;, and NO, can react with amines and amides,
generating potentially carcinogenic N-nitrosamine compound
byproducts (Nolan et al. 2000). Therefore, strict regulations
on maximum concentrations of NO, and NO; ™ in drinking
water have been issued by the World Health Organization,
which are 0.5 mg/L and 50 mg/L, respectively (Duca and
Koper 2012). As a result, reducing concentrations of NO,
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and NO; on an industrial scale, two of the most widely found
contaminants in drinking water, have become an important
environmental concern.

Compared with conventional water treatment methods,
electrochemical denitrification has been proven to be an effec-
tive and alternative technology to water denitrification (Della
Rocca et al. 2007; Fan et al. 2009; Fanning 2000; Huang et al.
1998). During NO3 and NO, electroreduction, complicated
reaction product and byproduct can be generated, such as NO,
N,O, N,, NH;0H*, and NH,* (de Groot and Koper 2004;
Figueiredo et al. 2013; Molodkina et al. 2012). Among the
various products and byproducts, NO is considered to be the
key intermediate species and determines selectivity toward
different products and rates of the whole reaction. Therefore,
there is a considerable interest and great importance to under-
stand the nature of NO’s transformations (Duca and Koper
2012; Rosca et al. 2009). However, developing new novel
and effective NO electroreduction reaction (NOER) catalysts
presents a major unsolved but highly payback challenge.

Additional, fewer previous studies focus on selectivity to-
ward ammonia (NH3), for its toxicity on human health and
pollution in the air (Yin et al. 2018). Ammonia, a crucial
precursor to nitrogenous fertilizer to sustain the global food
supply, is considered as one of most important chemical feed-
stock (Canfield et al. 2010b; Erisman et al. 2008; Galloway
et al. 2008). NHj also has a great potential to apply in fuel cell
technologies, for its high energy density (Afif et al. 2016;
Fuerte et al. 2009). It is of great significant to produce this
valuable byproduct in the electrochemical denitrification pro-
cess. Considering the combination of water treatment and
valuable NH; production, we are motivated to discover new
NOER catalysts that favor NH; over N, formation to treat
water contaminated by NO, and NO;  ions.

In recent years, studies on NOER catalysts mainly focus on
pure transition metals catalyst, such as Pt, Cu, and Au (Chun
et al. 2017; Farberow et al. 2014). However, low utilization
and high cost of pure noble metal catalyst required for this
process hamper applications on an industrial scale and inspire
continued efforts to identify alternatives catalysts. Single-
atom catalysts (SACs), decorating catalytically active and iso-
lated metal atoms on the substrate, emerged in recent years
and offer us an effective way to solve the metal utilization and
cost problems (Azofra et al. 2017; Jin et al. 2018; Qiao et al.
2011; Qiu et al. 2015; Yang et al. 2013). Thus, SACs have
already been considered as promising candidates for versatile
catalytic reactions, such as the CO oxidation reaction, CO,
reduction reaction, hydrogen evolution reaction, oxygen re-
duction reaction, oxygen evolution reaction, N, reduction re-
action, and propane dehydrogenation (He et al. 2018; Li et al.
2019; Lietal. 2016; Ling et al. 2017; Liu et al. 2019; Lv et al.
2019; Maetal. 2015; Maetal. 2016; Ma et al. 2019; Niu et al.
2019; Patel et al. 2018; Shen et al. 2015; Varela et al. 2019;
Wang et al. 2019b; Wang et al. 2015; Zhang et al. 2018).
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Organometallic porous sheets, providing intrinsic evenly
distributed binding sites which can firmly anchor single TM
atoms and prevent TM atoms aggregation into cluster, have
recently attracted considerable attention.(Li and Sun 2014;
Liu et al. 2019; Liu et al. 2020; Sun et al. 2015) Among
several kinds of organometallic porous sheets, phthalocyanine
(Pc) provides abundant binding sites, a plane consisting of
four isoindole rings, for TM atom (Zhu et al. 2014).
Therefore, Pc is an ideal substrate and attracts many re-
searchers to explore its catalytic performance on various cat-
alytic reactions (Deng et al. 2013; Jia et al. 2018; Li and Sun
2014; Liu et al. 2020). Besides, phthalocyanine can be syn-
thesized massively in low cost. This advantage makes 2D
TM-Pc sheet catalysts suitable for large-scale industrial appli-
cation (Dahlen 1939; Li et al. 2008; Yuen et al. 2012).
Inspired by the excellent catalytic activity of 2D TM-Pc
sheets, a theoretical study on this issue will shed some light
on developing and facilitating NOER catalysts.

To achieve this aim, the catalytic activity of 2D TM-Pc
sheets (TM =Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Nb,
Mo, Ru) toward NOER have been screened with first-
principles calculations in this work. On the basis of our com-
prehensive computational work, 2D Co-Pc sheet was identi-
fied to be the best NOER catalyst among all candidates due to
small energy input of the whole process. The Gibbs free en-
ergy for each elementary reaction was derived to find which
pathway is more favorable in Gibbs free energy for NOER.
NHj is the main product at low coverages through the HNO*
intermediate species, while N,O can be easily formed at high
coverages.

Computational methods

In this work, all optimizations and vibrational frequency cal-
culations of these structures were performed by using spin-
polarized density-functional theory methods implemented in
Vienna ab initio Simulation Package (Kresse and Furthmiiller
1996; Kresse and Hafner 1993). The generalized gradient ap-
proximation (GGA) functional in the form proposed by
Perdew-Burke-Ernzerhof (PBE) was employed to describe
the electron exchange correlation interactions (Perdew et al.
1992; Perdew and Wang 1992). The electron-ion interactions
were described by projector augmented wave potentials
(Blochl 1994). Energy cutoff and convergence criteria for
the residual force and energy were set to be 500 eV,
0.01 eV/A, and 1 x 10 eV, respectively. The first Brillouin
zone was sampled with a 5x 5 X1 k-points using the
Monkhorst—Pack mesh scheme (Monkhorst and Pack 1976).
All of the 2D TM-Pc sheets were modeled with periodic
monolayer of primitive cell, which is consisted of 20 C atoms,
8 N atoms, 4 H atoms, and 1 TM atom. The dispersion cor-
rection has been considered using the DFT-D; method with
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the standard parameters programmed by Grimme and co-
workers (Grimme et al. 2010). A vacuum space of 20 A in
the z-direction was set, which is enough to avoid interactions
between two neighbor TM-Pc images, during the structure
relaxation. For electronic structure calculations, a denser 9 x
9 x 1 k-points grid was applied. In addition, the NOER per-
formance was evaluated by the reaction Gibbs free energy
change (AG). We computed the Gibbs free energy change
(AG) of every elemental step using computational hydrogen
electrode (CHE) model proposed by Nerskov et al. (Nerskov
et al. 2004). Further details regarding electrochemical reac-
tions and selectivity / of NOER toward different reactions
are given in the Supporting Information.

Results and discussion
Geometric structures of the 2D TM-Pc sheet

The geometric properties of the 2D TM-Pc sheets were first
studied. Structurally, we found that the optimized 2D Pc sheet
can still remain flat without any bulking after embedding these
TM atoms. Optimized geometric structure of 2D TM-Pc sheet
is shown in Fig. 1 and primitive unit cell is marked by a gray
line. The optimized lattice parameter of 2D Fe-Pc sheet agrees
with experimental value and theoretical value very well (Abel
et al. 2011; Wang et al. 2015; Zhou and Sun 2011). The
optimized lattice parameters of 2D Co, Cr-Pc sheet are also
in good agreement with other theoretical studies (Deng et al.
2013; Li and Sun 2014).

Screening 2D TM-Pc sheets as NOER Electrocatalyst

The adsorption of NO on catalyst surface is a prerequisite to
initialize the NOER. According to previous theoretical

Fig. 1 The optimized geometric structures of 2D TM-Pc sheet in 2 x 2
supercell cell. The primitive unit cell is marked by a gray line

studies, initial configuration of NO adsorption on 2D TM-Pc
sheet is vital in the subsequent reaction pathway. Herein, we
first tested both end-on and side-on configurations to investi-
gate the interaction strength of NO molecule adsorption on 2D
TM-Pc sheet. In end-on configurations, both the atoms of the
NO molecule attached to the central TM atom were
considered.

According to the classical Sabatier principle in catalysis,
the Gibbs free energy of NO absorption on an ideal NOER
catalyst is expected to be moderate (Narskov et al. 2005). The
chemisorption adsorption will sufficiently activate NO mole-
cule to participate in the following redox reaction. However,
too strong chemical adsorption will result in difficulties for the
product to dissociate from the catalyst surface. Therefore, in-
teractions between NO and an ideal catalyst should be as weak
as possible, but strong enough to prevent desorption.

To find the right catalyst to initialize the NOER, we
screened a series of transition metal atoms, including Sc, Ti,
V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Nb, Mo, and Ru, anchored on
2D Pc sheets. The AG of absorption results show that NO is
more inclined to bind with the central TM atom in end-on
configuration via N atom, forming TM—N bonds (Fig. 2a).
The bond lengths of N-O and interaction strength of NO
molecule adsorption on 2D TM-Pc sheets are shown in Fig.
3. After the NO absorption on the 2D TM-Pc sheets, N-O
bond length is stretched to varying degrees, compared with
that of the isolated NO molecule. According to above criteri-
on, 2D Ni, Cu, Zn-Pc sheets are not appropriate as NOER
electrocatalysts for positive adsorption Gibbs free energies.
Hence, 2D Co-Pc sheet is expected to be the best candidate
NOER catalyst, among all above studied 2D TM-Pc sheets,
while the other 2D TM-Pc sheets exhibit too strong interaction
with NO. Meanwhile, the N-O bond length is elongated from
1.172 A in a free NO gas molecule to 1.181 A after the ab-
sorption on 2D Co-Pc sheet, suggesting effective activation of
the NO molecule. Thus, in the subsequent parts, the whole
process of NOER on the 2D Co-Pc sheet will be further
explored.

NO adsorption on 2D Co-Pc sheet with different
coverages

According to previous reports, coverages of NO are principal
factors to influence the product of NOER (de Vooys et al.
2001a, b; Wang et al. 2018). After screening out 2D Co-Pc
sheet as a potential NOER catalyst candidate, we further in-
vestigated interactions between NO molecule and 2D Co-Pc
sheet at different coverages.

At low coverages, three initial configurations of NO ad-
sorption on 2D Co-Pc sheet were considered, as shown in
Fig. 2. After a full structure relaxation, side-on configuration
spontaneously transforms into the end-on configuration, and
the NO molecule is binding to the central Co atom via N atom.

@ Springer
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Fig. 2 Top and side views of 2D
TM-Pc sheets with (a), (b) end-on
and (c) side-on NO adsorption
configurations
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For the end-on configurations, N atom of NO molecule in-
tends to be attached with the central Co atom with a Co—N
bond length of 1.816 A, which has more negative absorption
energy. To explore the intrinsic mechanisms of NO adsorption
on 2D Co-Pc sheet, charge density difference and the partial
densities of states (PDOS) were used to illuminate the inter-
action between NO molecule and 2D Co-Pc sheet.

As shown in Fig. 4, there is an obvious hybridization be-
tween the N-2p orbitals and the Co-3d orbitals. It can be found
that when the NO molecule is adsorbed on the central Co
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Fig. 3 (a) N-O bond length (A) and (b) adsorption free energy (AG) for

NO adsorbed on 2D TM-Pc sheets. The red dashed line represents N-O
bond length of free NO gas molecule and AG =0 eV, respectively
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atom, charge accumulation and depletion can be observed
for both the NO molecule and Co atom. The Bader charge
analysis confirms the speculate that about 0.07 electrons trans-
fer from 2D Co-Pc sheet to NO molecule, meaning that elec-
trons transfer from the Co-3d orbital to the empty N-27t* or-
bital, leading to a partially occupied 27t* orbital. Charge den-
sity is accumulated around the NO molecule, improving the
activity of NO, which helps facilitate the subsequent hydro-
genation reaction (Fig. 5).

At high coverages, we investigated NO adsorption on 2D
Co-Pc sheet as (NO), dimer, because the dimer could be re-
duced, forming N,O (Wang et al. 2018). After examining
several different initial configurations (Fig. S1), the energeti-
cally favorable configuration was obtained and shown in
Fig. 6.

Catalytic performance on NOER

After confirming the energetically favorable configuration of
NO adsorption on 2D Co-Pc sheet, we further investigated the
following NOER steps on 2D Co-Pc sheet and selectivity of
different pathways (Fig. 7).
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Fig. 4 The computed PDOS of NO adsorbed on the 2D Co-Pc sheet in
end-on configuration
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Fig. 5 Charge density difference
of NO adsorbed on the 2D Co-Pc
sheet in end-on configuration.
The positive and negative charges
are shown in yellow and cyan

NH; formation at low coverages

The adsorbed NO starts to hydrogenate by interacting with
proton coupled with electron. As first hydrogenation reaction
is possible to occur at either atom of the adsorbed NO, differ-
ent intermediates species can be formed and NOER on 2D Co-
Pc sheet will follow different pathways. Providing the
adsorbed NO will be hydrogenated by adsorbing a proton
coupled with an electron in the distal O site, forming an
NOH* intermediate species adsorbed on the 2D Co-Pc sheet,
an energy input of 1.28 eV is required and the N-O bond
length is further elongated to 1.343 A. In the following step,
NOH* will be further hydrogenated through two possible re-
action pathways: (1) The distal O atom is spontaneously hy-
drogenated, releasing a H,O molecule and forming N* inter-
mediate species, with an energy output of 0.06 eV. (2) N atom
is the second hydrogenation site, forming HNOH* intermedi-
ate species. The free energy goes downhill for 0.52 eV.
Different hydrogenation sites compete in the second hydroge-
nation reaction. The selectivity ftoward formation of HNOH*
is almost 1. Therefore, the HNOH?* could be the favored in-
termediates and the NOER prefers to proceed through the
second pathway after the formation of NOH* intermediate
species. Then, the hydrogenation reaction occurs at the distal
O, releasing the H,O molecule and forming NH* species.

Fig. 6 Top and side views of NO
adsorption on 2D Co-Pc sheet as
(NO), dimer

Then, NH* intermediate species is continuously hydrogenated
until formation of the NH;. The AG values for the three steps
are — 0.05,—2.09, and 1.35 eV, respectively. The AG for NH;
desorption form 2D Co-Pc sheet surface is 0.23 eV. Formation
of NOH* intermediate species is the rate-limiting step with
maximum energy consumption AG=1.28 ¢V during the
whole process.

When the N atom of NO molecules will be first hydroge-
nated, HNO* intermediate species can be formed, with an N—
O bond length of 1.243 A. The free energy goes uphill for
0.58 eV. In the second hydrogenation, both atoms of the
adsorbed NO are possible hydrogenation sites. When the dis-
tal O atom is hydrogenated, this step needs to overcome a
Gibbs free energy barrier of 0.19 eV, while the N atom is
spontancously hydrogenated and AG of this step is downhill
by 0.14 eV. This step is exothermal reaction, which means
that HNO* can spontaneously adsorb a proton coupled with
an electron in N atom. The selectivity f toward formation of
H,NO¥* is almost 1, which implies the second hydrogenation
reaction prefers to occur in the N atom. In the following steps,
H,NO* intermediate species will be sequentially hydrogenat-
ed in distal O atom until a H,O molecule is released. Then,
NH,* intermediate species will be further hydrogenated and
NH;* can be formed. AG for the three steps are —0.75, —
1.05, and — 1.35 eV, respectively. The first hydrogenation

@ Springer
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Fig. 7 Schematic depiction of the
pathways of NO electrochemical
reduction on the 2D Co-Pc sheet

at (a) low and (b) high coverages low coverage

high coverage

reaction is the rate-limiting step with maximum energy con-
sumption AG = 0.58 eV during the whole process (Fig. 8).
Therefore, the last pathway is energetically favorable
among the four possible reaction pathways, for small energy
requirements of the former two hydrogenation reaction.

N,O formation at high coverages

In addition to ammonia, N,O could be one of the products
during the NO electroreduction reaction at high coverages.
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Fig. 8 The Gibbs free energy profiles of the NORR on 2D Co-Pc
sheet along the second pathway and the fourth pathway
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The results show Gibbs free energy of (NO), dimer absorption
on 2D Co-Pc sheet is downhill by 0.71 eV, and the energetically
favorable configuration is the trans-(INO),* intermediate spe-
cies. The trans-(INO),* can be spontaneously hydrogenated by
adsorbing a proton coupled with an electron, forming an
HONNO¥* intermediate species. Gibbs free energy of this step
decreases by 0.08 eV. Then, the newly formed HONNO* spe-
cies spontaneously absorbs another a proton coupled with an
electron and release a HO molecule, forming N,O* intermedi-
ate species. Our calculations show that it is difficult for N,O to
absorb on 2D Co-Pc sheet, for a positive absorption free energy
of 0.31 eV. Overall, at high coverages, NO can be effectively
absorbed on 2D Co-Pc sheet as (NO), dimer. Then, the inter-
mediate species can be hydrogenated and product N,O can de-
tach spontaneously, and no energy barrier is involved (Fig. 9).

Herein, the NOER on 2D Co-Pc sheet may kinetically pre-
fer the N,O formation rather than the NH; formation.
However, although this pathway is possible at high NO sur-
face coverages, NO prefers to be absorbed on 2D Co-Pc sheet
other than absorbing neighboring NO molecules, due to the
very strong N—Co interaction and relatively weak N—N bond.
Besides, the actual NO concentration could not be too high, so
an applied potential is necessary to trigger NO reduction.
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Fig. 9 The Gibbs free energy profiles of the NORR on 2D Co-Pc sheet at
high coverage
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Charge population along the pathways

To further investigate the microscopic scenario behind cata-
lytic performance of the 2D Co-Pc sheet, the charge variation
of each reaction step is analyzed, shown in Fig. S2. Each
intermediate species along with the pathway was divided into
three parts: Pc substrate, central metal atom Co, and adsorbate
intermediates spices. As shown in Fig. S2, at low coverages,
obvious electron transfer occurs for the three parts along the
fourth pathway. Initially, the end-on adsorbed NO gains 0.07
electrons, which is attributed to donation by central metal
atom Co. After the first hydrogenation, NHO* intermediates
spices gains another 0.07 electrons from 2D Co-Pc sheet. For
the following steps, the adsorbate intermediate species gain
0.06, —0.10, 0.15 0.32, and —0.33 electrons respectively,
while Pc substrates lose 0.01, —0.09, —0.16, 0.27, and —
0.29 electrons respectively. At high coverages, at the first step,
(NO), adsorption, about 0.17 electrons transferred from 2D
Co-Pc sheet to ONNO* intermediates spices. For the follow-
ing steps, the adsorbate intermediate species gain 0.14, and —
0.30 electrons respectively, while Pc substrates lose 0.07 and
—0.40 electrons respectively. As the hydrogenation proceeds,
charge population of the central metal atom Co is relatively
stable. Hence, central metal atom Co acts as a transmitter,
transferring electrons between Pc substrate and the adsorbate
spices.

Competition with the HER

Considering that the hydrogen evolution reaction (HER) is
highly likely to occur in the presence of water, suppressing
HER is the major concern for the NOER catalyst. We calcu-
lated the adsorption AG for H on 2D Co-Pc sheet, and the
value is positive (0.21 eV), indicating it is difficult for central
Co atom to adsorb H atoms. The interaction of H atom on Co
atom is much weaker than that of NO, implying that the ad-
sorption of NO is preferred and the adsorption of hydrogen is
energetically unfavorable. The 2D Co-Pc sheet is demonstrat-
ed to be more selective for the NOER than for the HER in
aqueous solution. Strong interaction between H,O molecule
and available active sites of the catalyst can severely hamper
NOER efficiency. Competitive adsorption of HO and NO on
2D Co-Pc sheet was also taken into consideration. The value
of adsorption AG of H,O on 2D Co-Pc¢ is 0.04 eV, indicating
that the H,O molecule could not be stably adsorbed.
Recently, 2D Co-Pc sheet has been synthesized successful-
ly in experiments and the stability of 2D Co-Pc sheet is well
guaranteed (Epstein and Wildi 1960; Huang et al. 2020; Liu
et al. 2020; Liu and McCrory 2019; Wang et al. 2019a; Wang
et al. 2015). The 2D Co-Pc sheet also exhibits good electrical
conductivity for a fully 7-conjugated network and stability for
strong coordination bond of TM-Pc. Since 2D Co-Pc sheet
achieves the combination of conductivity, stability, and

catalytic activity, the unique features significantly actualize
the utilization of the 2D Co-Pc sheet catalyst on the NOER.

Conclusions

In summary, by means of DFT calculations, we systematically
explored the potential application of 2D TM-Pc (TM = Sc, Ti,
V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Nb, Mo, Ru) sheets as NO
reduction electrocatalysts at mild conditions. According to our
screening criteria, among all studied 2D TM-Pc sheets, 2D
Co-Pc sheet is considered as the most promising
electrocatalysts, which has a moderate absorption Gibbs free
energy. NH; can be formed through the HNO* intermediate
species at low coverages with an energy input of 0.58 eV,
while at high coverages, N,O can be easily formed with no
energy barrier. More importantly, the competing HER can be
well suppressed. Therefore, we propose 2D Co-Pc sheet as a
promising electrocatalyst for NOER at mild conditions. We
hope this work could provide useful guidance to further ex-
plore more electrochemical denitrification methods that com-
bine polluted water treatment and worthy byproduct produc-
tion, in both experiment and theory.
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