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The electrochemical nitrate reduction reaction (NO3RR) offers a sustainable approach for converting nitrate
pollutants into valuable ammonia under ambient conditions. Herein, we employ density functional theory
(DFT) to systematically investigate the catalytic potential of homonuclear transition metal dual-atom
catalysts (DACs) anchored on biphenylene (TM,@BPN) for NOzRR. Among 28 candidates, five DACs:
Mo,@BPN, Ru,@BPN, Rh,@BPN, Os,@BPN, and Ir,@BPN, exhibit low limiting potentials (—0.40 to —0.16
V) and exceptional ammonia selectivity. Rh,@BPN, in particular, achieves a theoretical faradaic efficiency
of 100%, effectively suppressing competing hydrogen evolution. Electronic analyses reveal that dual-site
mt-donation/mt*-back-donation interactions, d-band center tuning, and charge redistribution collectively
enhance NOsz~ activation compared to single-atom analogues. Importantly, descriptor-based volcano
plots (AG«no, eq. and ) establish generalizable design rules that correlate electronic structure with
catalytic trends, enabling predictive DAC screening beyond exhaustive pathway calculations. Ab initio
molecular dynamics simulations further confirm the thermal stability of the most active DACs. This work
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Accepted 19th November 2025 introduces biphenylene as a robust support for stabilizing DACs, establishes structure—property—
performance correlations, and provides transferable mechanistic and descriptor-based insights for the

DOI: 10.1039/d5ta07089a rational design of next-generation catalysts for selective multi-electron electrochemical transformations
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1. Introduction

Nitrate contamination has emerged as a global environmental
concern due to the excessive use of fertilizers, industrial emis-
sions, and wastewater discharge. The accumulation of nitrate in
aquatic systems not only disrupts ecosystems but also poses
severe health risks upon conversion to toxic nitrites in the
human body.'”® Traditional remediation strategies—chemical,
physical, or biological—often suffer from high cost, energy
intensity, or operational complexity.*” In contrast, the electro-
chemical nitrate reduction reaction (NO3;RR) offers a sustain-
able route to both detoxify nitrate and synthesize ammonia
(NH3), a valuable chemical feedstock and potential hydrogen
carrier.**> While the Haber-Bosch process remains the indus-
trial standard for ammonia synthesis, it is highly energy-
intensive and carbon-emissive. Direct electrochemical
ammonia production via the nitrogen reduction reaction (NRR)
is appealing but limited by the inertness of N, and its low
solubility.”®® In comparison, NO;RR is more kinetically favor-
able due to the lower bond dissociation energy of the N-O bond
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such as nitrate-to-ammonia conversion.

and the higher solubility of nitrate in aqueous media, making it
a promising alternative for green ammonia synthesis.'
However, NOz;RR is a complex eight-electron, nine-proton
transfer process with multiple intermediates and competing
side reactions such as hydrogen evolution.”™ Achieving high
activity and selectivity requires the development of advanced
catalysts with well-tuned binding energies. Single-atom cata-
lysts (SACs) have drawn significant interest due to their
maximal atom utilization and high activity, but their isolated
active sites often struggle with multistep reactions due to linear
scaling limitations.”*>

Dual-atom catalysts (DACs), comprising two adjacent metal
atoms, have recently emerged as a promising class of materials
that combine the advantages of SACs with synergistic effects.
These dual sites enable independent optimization of multiple
reaction steps, making DACs particularly attractive for complex
processes like NO;RR.***® For example, the Cu, embedded on n-
doped graphene was experimentally verified and exhibited good
activity for NO;RR with 97.4% faradaic efficiency.” Fe/Cu
diatomic catalysts on nitrogen-doped graphene achieving fara-
daic efficiencies up to 92.5% at —0.3 V vs. RHE demonstrate
strong potential, yet they often rely on heterogeneous dual-atom
sites and systematic prediction and design of homonuclear
DACs has been less explored.** Additionally, high-throughput
computational screening of M;M,@g-CN DACs (eg FeMo@g-

J. Mater. Chem. A, 2026, 14, 1245-1259 | 1245


http://crossmark.crossref.org/dialog/?doi=10.1039/d5ta07089a&domain=pdf&date_stamp=2025-12-26
http://orcid.org/0009-0006-6382-5685
http://orcid.org/0000-0002-1419-8324
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta07089a
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA014002

Open Access Article. Published on 20 November 2025. Downloaded on 5/21/2026 8:31:42 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

CN, CrMo@g-CN) has identified promising heterogeneous dual-
metal combinations, but descriptors correlating electronic
structure to performance are still diverse.** Moreover, reviews of
NO;RR underscore that mechanical understanding, especially
linking the electronic structure of active dual metal sites, to
ammonia selectivity, remains underdeveloped.®* Despite recent
progress, rational screening of DACs for NO3;RR remains
limited, and suitable supports that can stabilize and electroni-
cally engage dual-metal centers are critically needed. In partic-
ular, the potential of homonuclear DACs for NO;RR remains
largely unexplored, how the electronic structure of homonu-
clear DACs influences the activity and selectivity towards
ammonia formation, and reliable electronic descriptors for
predicting their catalytic behavior are still lacking.

Herein, we explore biphenylene (BPN)—a recently synthe-
sized sp*-hybridized carbon allotrope featuring four-, six-, and
eight-membered rings—as a novel support for homonuclear
transition metal DACs. Unlike graphene and other 2D carbon
materials the intrinsic ring topology provides a porous lattice
with a large number of low-coordination sites that can effi-
ciently stabilize metal atoms. In specific cases, BPN outper-
forms graphene in catalytic performance due to its higher o-
center position (—7.49 eV vs. —8.09 eV), which allows for greater
interaction with reaction intermediates. BPN offers high
thermal stability with high thermal conductivity and electrical
stability and unique electronic properties including metallic
behavior with a tilted Dirac cone above the Fermi level and
strong in-plane anisotropy conducive to electrocatalysis.**=*”
BPN is a promising catalyst for various reactions, including
HER,*® OER,* CO,RR,* and NRR." In addition, BPN can anchor
transition-metal atoms without needing engineered defects or
dopant heteroatoms, leading to highly active single-atom
Pd@Bip catalysts with very low overpotentials for HER (~0.05
V) and OER (~0.50 V), outperforming many conventional cata-
lysts.** Given the unique advantages of BPN, it is desirable to
investigate the potential of BPN for NO;RR and its underlying
catalytic mechanism, which has not been reported until now.

Using density functional theory (DFT), we systematically
investigate 28 TM,@BPN catalysts for NO;RR, evaluating their
activity, selectivity, electronic structure, and thermal stability.
After assessing 28 candidates of TM,@BPN, 21 homonuclear
DACs that exhibit thermodynamic stability were selected for
further investigation. Our screening identifies five promising
DACs, Mo,@BPN, Ru,@BPN, Rh,@BPN, Os,@BPN, and
Ir,@BPN that exhibit low limiting potentials and excellent
selectivity toward NH;. In particular, Rh,@BPN demonstrates
a theoretical faradaic efficiency of 100%. Electronic structure
analysis, descriptor-based volcano plots, and ab initio molecular
dynamics simulations reveal structure-property-performance
relationships that provide fundamental insight and design
principles for next-generation NO;RR catalysts.

2. Computational details

All spin-polarized density functional theory (DFT) computations
were performed using the Vienna ab initio simulation package
(VASP).** The projected augmented wave (PAW)* approach was
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used to characterize ion-electron interactions. The generalized
gradient approximation in the form of the Perdew-Burke-Ern-
zerhof (PBE)* functional was used to treat the exchange corre-
lation energy. The DFT-D3 approach is used to correct van der
Waals interactions.*® An energy cutoff of 500 eV was adopted for
the plane-wave basis. To prevent interactions between periodic
pictures, a 15 A vacuum space was employed perpendicular to
the 2D layer. The convergence criteria for force and total energy
during the structural optimization were 0.02 eV A™' and
107" eV, respectively. For structural optimizations, the Mon-
khorst-Pack*®” approach was used to sample the Brillouin zone
with 3 x 3 x 1 k-points, while electronic property computations
employed denser k-points of 6 x 6 x 1. Ab initio molecular
dynamic (AIMD)*® simulation is used to determine the catalysts'
thermal stability, with a temperature of 500 K and a simulation
time of 10 ps. The charge transfer was analyzed using the Bader
charge technique.*”” To examine the electron interaction, the
projected crystal orbital Hamiltonian populations (pCOHP)*
were computed. In the NO;RR, the adsorption energies of every
potential intermediate are described as,

Eads = Etotal - Esubstrate — Liadsorbate (1)

where Eiotal, Esubstratey ad Eagsorbate are the total energies of the
adsorbed intermediate on TM,@BPN, the TM,@BPN and the
isolated adsorbate, respectively. The computational hydrogen
electrode (CHE)** model was used to determine the Gibbs free
energy (AG) changes for stepwise hydrogenation and electron
transfer (H" + e”) during the NOsRR process. The AG for each
intermediate step in NO;RR is defined as follows:

AG = AE + AEZPE - TAS + AGU + AGpH (2)

where AE is the total energy change obtained from the DFT
calculation, AEzpg and TAS are the zero-point energy and the
change in entropy respectively, and T is temperature at 298.15
K. Additionally, the entropy of the gaseous molecules was ob-
tained from the National Institute of Standards and Technology
(NIST) database (Table S1), while the ZPE and entropy of the
intermediates were computed using the harmonic approxima-
tion based on the normal-mode vibrational frequencies.

AGy is the applied potential with 0 V in this study, and AGpy
is considered as the correction free energy of H', which can be
calculated using the equation that follows:

AGpy = 2.303 x kgT x pH (3)

where kg is the Boltzmann constant and pH is set to zero to
represent an acidic environment. The limiting potential (Uy) is
the lowest potential in the NO;RR process, used to evaluate the
catalytic activity of electrocatalytic reactions. It can be defined
as follows:

UL = 7AGmax/e (4)

where, AGnyax is the maximum free energy change in the
potential-determining step (PDS). In order to avoid calculating
the energy of charged NO; ™ directly, we used gaseous HNO; as

This journal is © The Royal Society of Chemistry 2026
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a reference. The adsorption energy of NO; ™
tained as follows:

(AG+no,) Was ob-

AG*N03 = G*NO3 - G* - GHN03 (2) + I/ZGH2 (2) + AGcorrect (5)

where Gxno,, G*, Guno, (¢) and Gy, () are the Gibbs free energy of
NO; adsorbed on TM,@BPN, TM,@BPN, gaseous HNO;, and
H, molecules, respectively. AGcorrece denotes the correction of
adsorption energy and is set to 0.392 eV.>> The computational
details of AGsintermediate and solvent effect are given in SI
(Note S1 and S2).

3. Results and discussion
3.1 Structure of BPN and stability of TM,@BPN

Fig. 1a shows the optimal structure (3 x 3) of biphenylene,
a two-dimensional material containing two chemically different
carbon sites, namely C; and C,. Our optimized BPN lattice
parameters were a = 4.52 A and b = 3.77 A, consistent with prior
computational results.®® BPN is structured with alternating
four, six, and eight-membered carbon rings, this arrangement
distinguishes it from graphene and other sp>carbon networks,
resulting in distinct electrical and geometric features. Density
functional theory studies have revealed that the non-uniform
C-C bonds in biphenylene results in anisotropic electronic
characteristics. We calculated the electron localization function
(ELF) to acquire additional insights into the electrical structure
of the BPN.

As shown in Fig. 1b, the electron localization function of BPN
ranges from 0 au (blue) to 1 au (red), where higher values
indicate stronger electron localization. The BPN showed
discrete regions with values of roughly 0.5 au, indicating delo-
calized electrical structure. The C-C bond has a maximum value
of around 0.9 au, indicating the presence of a strong covalent
connection in BPN.

The TM,@BPN system was designed by anchoring 28 TM
dimers (TM = 3d, 4d, 5d) to the BPN surface. As shown in
Fig. S1, four potential TM dimer anchoring configurations were

(b)

Fig. 1
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considered: (I) C1-C1 bridging in a six-membered ring, (II) C1-
C1 bridging in an eight-membered ring, (III) top C1 site in an
eight-membered ring, and (IV) C2-C2 bridging in an eight-
membered ring. The stability and relative energy of these TM
dimer anchoring configurations have been thoroughly investi-
gated in previous reports.** Fig. 2a depicts the most stable
anchoring configurations after the structural optimization.
Using the most energetically favorable configurations, we
investigated the stability of TM,@BPN by calculating the
binding and cohesive energy. To assess the binding strength
between the TM dimer and the BPN substrate, the binding
energy (Epin) was calculated as follows:

(6)

where Eppy represents the energy of the pure BPN substrate, Ety
represents the energy of the isolated metal atoms, and
Ervo@sen represents the total energy of the BPN catalyst. In
order to determine the TM atoms' tendency to aggregate on
BPN, the cohesive energy (Econ) was computed as follows:

Epin = Ermo@seNy — Espn — 2ETMm

Econ = (Ebuic — nErm)/n (7)
where Ep, represents the energy of the metal bulk, Emy
represents the energy of isolated metal atoms, and n represents
the total number of metal atoms in the bulk. Fig. 2b provides
the plot of the binding and cohesive energies, and Table S2
summarizes the corresponding values. The binding energies of
all the TM,@BPN are negative, suggesting that the doping of the
TM dimer on the BPN substrate is energetically favorable. To
ensure the stability of the dual metal system and inhibit diffu-
sion or aggregation, the binding energy should be lower than or
comparable with the cohesive energy. Accordingly, we have
neglected the metal dimers Cr,, Cu,, Zn,, Ag,, Cd,, Au,, and
Hg,. Table S3 provides the electronic and structural properties
of TM,@BPN, including TM dimer bond length, charge trans-
fer, and d-band center. The distance between the TM dimer
varies from 4.09 A for Y, to 1.72 A for Mo,. Moreover, a charge
transfer of 0.61 to 4.41 e~ from the TM dimers to the BPN

i ' ' T, ' -
,Qo..)\ OO ,Qo.\)\'

(a) Optimized structure of BPN substrate, with C; and C, carbon highlighted. (b) The electron localization function (ELF) of BPN.
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Fig. 2
cohesive energy comparison plot for TM,@BPN.

substrate induces significant positive charges on the metals,
which enhances their interaction with the substrate and
contributes to their stabilization. The positive charge on these
metal dimers enhances the adsorption of NO3;RR intermediates,
hence accelerating the process.

3.2 NO; adsorption

The initial phase of the NO3;RR process entails the adsorption of
nitrate, a decisive factor that determines the overall catalytic
reaction. Dual metal sites provide multiple adsorption possi-
bilities for the NO;~ adsorbate. In this study we have considered
three different adsorption configurations in order to determine
the most stable NO;™ adsorption on the catalyst surface. The
geometries are based on the number of oxygen atoms bonded to
the active sites: monodentate (n'-0-1) when a single oxygen
binds to one metal site; chelating bidentate (n?-0-1) when two
oxygens bind to the same metal site; and bridging bidentate (n>-
0-2) when two oxygens bridge between two metal sites (Fig. S2).
As summarized in Table S4, our findings indicate that the NO;™
prefers to form a bond with the dual metals by adopting a (n*-O-
2) bidentate configuration. The bond length between the metals
and oxygen atom is less than 3A (Table S5), indicating that the
bidentate configuration has a strong hold of NO;™. The pres-
ence of H' ions in the reaction promotes competition between

1248 | U Mater. Chem. A, 2026, 14, 1245-1259

(a) The stable binding configurations of TM,@BPN, with 28 transition metals considered for anchoring on BPN substrate, (b) Binding and

NO;RR and HER, resulting in low selectivity and faradaic effi-
ciency of the NO3RR catalyst. In this study, we have investigated
two approaches for evaluating the catalyst's selectivity:
comparing the adsorption free energy of *NO;™~ and *H on the
catalyst and comparing the limiting potential of HER and
NO3RR. First, we will consider the adsorption free energies.
Fig. 3a displays the adsorption free energies of NO;~ (AGno,),
and H (AG+y), for comparison. The results revealed that AGxyo,
values are significantly more negative (ranging from —3.20 eV to
—0.91 eV) than AG.y (ranging from —1.52 eV to 0.43 €V), and
this trend is consistent across all TM,@BPN systems. Thus, the
active regions of the TM dimers will predominantly adsorb
NO; ™ over H atoms, thereby suppressing the HER. Table S6
summarizes the calculated values of the *H adsorption free
energies. The adsorption free energy values of *NO;™ indicates
that the early transition metals display stronger chemisorption
as compared to later transition metals. This behavior can be
attributed to early transition metals having fewer d electrons,
resulting in greater d-orbital availability and consequently,
stronger adsorption; in contrast, late transition metals exhibit
a reverse trend. Fig. 3b displays the relationship between the
charge transfer of the TM dimer and the adsorption free energy
of *NO;~ (AGno,), for better comprehension of the *NO;~
adsorption pattern on TM,@BPN (Table S7). There is a linear

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 (a) Comparison of adsorption free energies of NOs~, and H on

TM,@BPN. (b) The scaling relationship between NOz~ adsorption free
energies and charge transfer of TM dimers.

relationship with a strong correlation coefficient of R* = 0.84,
which confirms that stronger NO; ™ adsorption is attributed to
a substantial charge transfer from the TM dimer to the adsor-
bate. For illustration, Ti,@BPN has the strongest adsorption
strength of —3.20 eV and the maximum charge transfer of
113 e .

3.3 NO;3;RR mechanism on TM,@BPN

The process of NO;RR proceeds via the transfer of eight elec-
trons and nine protons.* The intricacy of the reaction mecha-
nism originates from a complex network of intermediates and
byproducts, including NO, NO,, N,O and N,. Additionally,
a wide range of intermediate adsorption configurations are
possible, resulting in numerous hydrogenation sites for each
intermediate. To forecast the most optimal reaction mechanism
on TM,@BPN, the stable intermediate from each step is chosen
for the subsequent hydrogenation step. Fig. 4 shows the
possible NO;RR pathways on TM,@BPN. Nitrate ion adsorption
(n?-0-2) serves as the primary step in the reaction mechanism,
the most readily accessible O atom is then protonated, and
a N-O bond is broken, forming *OH-*NO,. The subsequent
hydrogenation leads to the formation of the *NO, intermediate.
After two hydrogenations, the water molecule is released,
generating a crucial intermediate, *NO. In TM,@BPN, the *NO

This journal is © The Royal Society of Chemistry 2026
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adsorption favors both side-on and end-on configurations.
Thereby, protonation of *NO leads to the formation of
ammonia and an additional water molecule on the substrate.

3.3.1 Limiting potential. The limiting potential (U;) serves
as a critical determinant of catalytic activity since it represents
the most energy-intensive step in the reaction. Therefore, we
determined the limiting potential of TM,@BPN to assess the
NO;RR performance. The limitation potentials of TM,@BPN for
NO;RR to generate NH; are summarized in Fig. 5 and Table S8.
We set a benchmark limiting potential of (>—0.50 V) on
TM,@BPN for NO;RR, based on the experimentally reported
limiting potentials for graphene and previously published
catalysts.>***** Catalysts meeting this benchmark are expected
to demonstrate better catalytic activity. Most of the DACs exhibit
best limiting potentials, signifying that NO;RR can be effec-
tively catalyzed on TM,@BPN. Rh,@BPN exhibits the lowest
limiting potential of —0.16 V, further five additional DACs,
Mo,@BPN, Ru,@BPN, Os,@BPN, Ir,@BPN and Pt,@BPN
exhibit low limiting potentials, with values of —0.40, —0.36,
—0.32, —0.35, and —0.45 V respectively.

Descriptor based catalyst design serves as a more effective
and focused approach for electrocatalytic development and
screening.> The Gibbs free energies of intermediates, which
play a critical role in chemical reactions, can function as
a primary indicator for predicting the catalytic activity. There-
fore, the Gibbs free energy of NO; ™ is chosen as a descriptor, as
nitrate is a key intermediate and its adsorption is an essential
step. Fig. 6 shows the graph of limiting potential plotted as
a function of the Gibbs free energy of NO; . Apparently, there is
a distinct volcano shaped relationship between them with
Rh,@BPN precisely situated at the top of the volcano plot. Apart
from, Rh,@BPN additional TM,@BPN systems (highlighted in
purple in Fig. 6) are characterized by low limiting potentials
(Up). We can deduce that, insufficient adsorption of the catalyst
results in a potential determining step (PDS) from *NO to
*NOH, while intense adsorption results in high energy
demanding step from *NH, to *NH;/*OH to *OH,. This analysis
is consistent with the Sabatier principle, which states that the
ideal catalytic activity is achieved if the essential intermediates
and catalysts bind with moderate intensity. Accordingly, cata-
lysts with moderate adsorption (AGsyo, between —1.5 to 0.9 eV)
have high catalytic activity.

We determined the Gibbs free energy profiles for NO;RR on
Rh,@BPN, Os,@BPN, and Ir,@BPN, (Fig. 7a—c) surfaces in
order to gain more insight into the reaction mechanism of
nitrate reduction to NH;. The DFT-optimized configurations of
intermediates associated with the free energy diagram of
Rh,@BPN, Os,@BPN and Ir,@BPN are shown in Fig. S3, the
computed zero-point energy and entropy are listed in Table S9-
S11, and the Gibbs free energy profiles for the remaining DACs
are shown in Fig. S4-S9. It is evident that NO;™ is strongly
chemisorbed on Rh,@BPN, Os,@BPN, and Ir,@BPN via two
TM-O bonds, with free energy changes of —1.52, —1.21,
—1.04 eV respectively. On Rh,@BPN, the initial proton-electron
coupling preferentially attacks the nitrate oxygen interacting
with Rh over terminal oxygen. As a result, NO; dissociates to
form *OH-*NO, with an energy release of —1.35 eV. A similar
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Fig. 4 Detailed reaction pathway for NHs production, as well as NO dimer pathway for N,O, and N, production.

trend can be identified on Os,@BPN and Ir,@BPN with an
exothermic energy change of —2.88 eV, and —2.09 eV respec-
tively. The second hydrogenation step leads to the formation of
H,0, which possesses greater energetic stability than the
hydrogenation of the *OH-*NO, molecule to *OH-*NO,H. This
step is exothermic by —1.19 eV for Rh,@BPN, and leaves the
*NO, on the active site with two Rh-O bonds. Then *NO,
undergoes hydrogenation in the third step, analogous to that of
*NO;~ to form *OH-*NO with an energy release of —1.40 eV.
The fourth hydrogenation results in the formation of *NO on
the Rh-Rh bridging site, following the release of the second
water molecule. Three different bonding modes were assessed
for *NO adsorption: **NO (binding via the NO-side), *

(binding via the O-end), and *NO (binding via the N-end) as
shown in Fig. $10. Depending on the *NO configuration (NO-
end, NO-side, and ON-end), the following hydrogenation will
adopt a different pathway. The computed Gibbs free energy for
all the binding modes of *NO is tabulated in Table S12. The
findings indicate that *NO and **NO modes are thermody-
namically more favorable than *ON mode. On Rh,@BPN, *NO
is more likely to adsorb via side-on mode (**NO). The hydro-
genation of **NO requires an energy input of 0.16 eV to
generate **HNO on the active site. Proceeding with the reac-
tions, steps six to eight are enzymatic protonation of the inter-
mediates (*NH-*O — *NH-*OH — *NH,-*OH — *NH,), with
corresponding energy changes of —0.34, —1.06, and —0.63 eV

25
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Fig. 5 The computed limiting potential of TM,@BPN for NOzRR.
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respectively, to release the third water molecule and leave *NH,
on the active site. Eventually the *NH, can be protonated to
generate *NH; with a Gibbs free energy change of 0.04 eV. The
potential determining step of NO;RR on Rh,@BPN is the
conversion of *NO — *HNO with a low U;, of —0.16 eV.

On Os,@BPN, the hydrogenation of *OH-*NO, results in the
formation of NO, on the active site with two Os-O bonds, this
step involves an endothermic contribution of 0.26 eV. Further
hydrogenation results in the formation of *NO. On Os,@BPN
*NO adsorption prefers the end on mode (*NO) with an energy
release of —0.53 eV. The hydrogenation of *NO requires an
energy input of 0.32 eV to generate *NOH on the active site. The
ensuing hydrogenations are all exothermic and proceed along
the *NOH — *N — *NH — *NH, — *NH; pathway. The
potential determining step of NOz;RR on Os,@BPN is the
conversion of *NO — *HNO with a Uy, of —0.32 eV. For Ir,@BPN
the adsorption configuration of *NO; and *NO intermediates
and reaction steps throughout the entire protonation pathway
are consistent with Os,@BPN. During the entire protonation
mechanism on Ir,@BPN, the conversion of NH, — NH;
requires a maximum energy input of 0.35 eV, identifying it as
the potential-determining step. We have performed a climbing-
image nudged elastic band (CI-NEB)***” calculations for the
potential-determining step of the most active catalysts
(Rh,@BPN and Os,@BPN). The results obtained from calcula-
tions, are as summarized in Fig. S11 and S12. The calculated
activation barrier for the PDS was found to be nearly zero,
suggesting that the reaction proceeds without a significant
kinetic barrier. Therefore, the process is considered kinetically
facile, and our discussion primarily focuses on its thermody-
namic aspects.

Furthermore, we extensively evaluated the catalytic activity of
the related SACs (Rh@BPN, OS@BPN, and Ir@BPN). Our
investigation began with identifying the stable binding site for
SACs on BPN, and we found that the single metal preferentially
binds on the four-membered ring rather than other binding
sites, which is consistent with previous findings.>® Subse-
quently, for nitrate adsorption, we considered two possible
configurations, in the (1-O) configuration, one oxygen atom
binds to the metal, while in the (2-O) configuration, two oxygen
atoms bind to the metal. Among which the (2-O) configuration

This journal is © The Royal Society of Chemistry 2026
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is the most favorable on SACs, as shown in Fig. S13 and Table
S13. Therefore, the 2-O configuration was selected for further
reaction pathway analysis. The energy profile diagrams are
shown in Fig. S14, the PDS of Rh@BPN, Os@BPN, and Ir@BPN
are all *NO — *NOH, with the U of —1.15, —1.28, and —0.98 V,
respectively. It is apparent that the performance of DACs
exhibits much better catalytic activity compared to their SACs
catalysts and most of the reported electrocatalysts (Table S14).

As discussed earlier, the NO;RR can lead to multiple
byproducts, therefore it is important to investigate the reaction
pathways in more detail. Consequently, we investigated the
Rh,@BPN, Os,@BPN, and Ir,@BPN catalyst's selectivity for
possible N-containing byproducts, such as NO,, NO, N,0, and
N,. Fig. 7 illustrates that the production of NO, on Rh,@BPN,
Os,@BPN and Ir,@BPN, from *OH-*NO, is not energetically
feasible due to a substantial energy input of 1.11, 2.16 and
1.28 eV respectively, while the hydrogenation of *OH-*NO, is
thermodynamically favorable. Additionally, a large energy input
of 2.25, 2.05 and 1.80 eV were required to overcome the barrier
for the direct desorption of NO, from Rh,@BPN, Os,@BPN and
Ir,@BPN respectively. Then, the removal of NO from *OH-*NO
intermediate demands high energy input of 3.09, 1.58, and
1.43 eV on Rh,@BPN, Os,@BPN and Ir,@BPN respectively.
Following this, the hydrogenation of *NO on Rh,@BPN,
Os,@BPN and Ir,@BPN is slightly endothermic, with free
energy changes of 0.16, 0.32, and 0.29 eV, respectively. Applying
a small potential enables further hydrogenation, which is much
more favorable thermodynamically than the direct desorption
of NO which is high, at 2.60, 2.09, and 2.33 eV, resembling those
of NO,. Thus, *NO will be further hydrogenated on Rh,@BPN,
Os,@BPN and Ir,@BPN. Conversely, the NO dimer (N,O,),
produced via NO-NO coupling, serves as a key precursor for the
generation of N,O and N,. After optimization, the NO dimer
undergoes bond dissociation, causing N-N bond cleavage. This
implies that the NO dimer is unlikely to form, therefore N,O
and N, byproduct formation is also infeasible. In summary, the
generation of byproducts (NO,, NO, N,0, and N,) is effectively
suppressed, indicating the high NH; selectivity of Rh,@BPN,
0s,@BPN and Ir,@BPN.

3.4 Activity origin of NO;RR on TM,@BPN

The activity trend of NO;RR can be effectively forecasted by the
adsorption energy of NO; ™, thus understanding its process of
activation and variation in adsorption through electronic
structure analysis can provide a deeper understanding of the
origin of the catalytic behavior. To begin with, the charge
density differential (CDD) for TM,@BPN was determined as
shown in Fig. S15a and S16. The charge density difference is
computed and represented as,

Ap = p(NOs-TM,@BPN) — p(TM>@BPN) — p(NO3)  (8)

where p(NO;-TM,@BPN), p(TM,@BPN), and p(NO3) are the
charge densities of NO; adsorbed on TM,@BPN, TM,@BPN,
and NO;, respectively. The plot indicates a significant electron
transfer from the transition metal atoms to the nitrate mole-
cule. The adsorbed nitrate gains 0.80 e, and 0.74 e~ from
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Fig. 7 (a—c) Free energy diagram for NOsRR on Rh,@BPN, Os,@BPN,

Rh,@BPN, and Os,@BPN respectively. A key observation from
the charge density difference analysis is the simultaneous
occurrence of charge accumulation and depletion on NO; and
transition metals. In particular, the antibonding orbitals of NO;
are primarily filled by electrons gained from the transition
metals, whereas the bonding orbitals lose some electrons to the
transition metals. Consequently, the donation-back donation
process allows the transition metals to efficiently activate NO; .

We will now analyze the origin of TM,@BPN activity from the
standpoint of orbital interactions. Fig. S15b provides

1252 | J Mater. Chem. A, 2026, 14, 1245-1259

and Ir,@BPN catalysts respectively.

a schematic representation of the nitrate adsorption mecha-
nism on the TM dimer substrate. In transition metal active
sites, the combination of occupied and vacant d orbitals
accounts for their strong binding to NO;.The vacant d orbital of
TM atoms can accept electrons from the bonding orbital of NO3,
strengthening the TM-O adsorption, whereas the occupied d-
orbitals of TM atoms contribute electrons back into the empty
7* orbital of NOj;, thereby weakening the NO bond. Thus, DACs
can maximize the activation potential by utilizing the d orbital
of the TM dimer site through a “pull-pull” effect, or they can use

This journal is © The Royal Society of Chemistry 2026
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the intrinsic dual sites to increase the adjustment space.*
Consequently, the TM dimer active site can alter the local
electrical environment of the NO;RR active site.

Fig. 8a and b presents the partial density of states (PDOS) for
NO; ™ adsorbed on Rh,@BPN, and Os,@BPN catalysts, while
Fig. S17 displays the PDOS for the remaining systems. The
PDOS analysis indicates strong 7m-donation from NO;™ to the
metal center, as evidenced by the overlap between the occupied
NO; -2p orbitals and the vacant TM-d orbitals below the Fermi
level. Furthermore, the small overlap above the Fermi level
between the vacant NO; -2p orbital and the filled TM-d orbitals
indicates m*-back-donation. The d-m interaction facilitates
mutual electron transfer, strengthening the interaction between
NO;~ and TM atoms and thereby stabilizing the adsorption
complex. The adsorption strength is largely determined by the
occupation of antibonding states. The projected crystal orbital
Hamilton population (pCOHP) analysis (Fig. 8c and d) indicates
that the interaction between the transition metal and nitrate
exhibits predominant bonding characteristics, with a strong
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bonding contribution below the Fermi level. The antibonding
states are primarily located above the Fermi level, indicating
that they are largely unoccupied, this implies a strong metal-
adsorbate interaction.

In light of the previous explanation, transition metals' d-
orbitals are important for molecular adsorption, and their
energy distribution is commonly defined by the d-band center
(eq)-%° It is widely recognized as an effective descriptor to char-
acterize the interaction strength between small molecules and
catalytic sites.”® Therefore, we analyzed the correlation between
NO;™ free energies and the d-band center to gain insights into
NO; ™ activation (Fig. 9 a). The findings indicate that AGsyo, and
£q Of the transition metal atoms have a linear connection. When
&q approaches the Fermi level, the bonding states are primarily
occupied while the antibonding states are largely unoccupied,
resulting in greater adsorption. On the other hand, when ¢4 is
well below the Fermi level most of the metal's d-orbitals are
filled causing the electrons to fill both bonding and anti-
bonding orbitals formed during adsorption, causing weaker
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(a—d) Partial density of states (PDOS) and projected crystal orbital Hamilton population (o COHP) on the molecular orbital of NOs and the

d orbital of metal atoms on Rh,@BPN and Os,@BPN catalyst after NOs adsorption.
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(a) The liner scaling relationship between the Gibbs free energy NO3z (AG«no,) and d-band center. (b) The correlation between the limiting

potential (Uy) and d-band center. (c) The correlation between the limiting potential (U,) and descriptor .

adsorption. As a result, Pt with the highest d band center (—4.58
eV), has the lowest adsorption energy (—0.91 eV). Conversely,
the metal with the highest adsorption energy Ti (—3.20 eV), has
the lowest d-band center (0.57 eV). Rh,@BPN, and Os,@BPN
with optimal d-band centers of —2.37 and —2.64 eV respectively,
exhibit moderate NO;~ adsorption energies, which facilitate
efficient NO3;RR. Fig. 9b shows a plot of ¢4 vs. Uy, for TM,@BPN,
with Rh,@BPN at the top of the volcano, indicating superior
catalytic performance. The volcano plot highlights that the
excellent NO;RR performance of DACs results from the optimal
positioning of the d-band center. Additionally, we compared the
d band center of SACs and DACs in order to examine the
mechanism of the synergistic effect between the TM dimer site;
the results are provided in Table S15. In the case of Rh@BPN,
the d-band center is located at —3.26 eV, which resulted in weak
nitrate adsorption (—0.96 eV). However, introducing a second
Rh atom (Rh,@BPN) shifts the d-band center closer to the
Fermi level, which enhances the adsorption strength. This d-
band shift significantly affects the adsorption energies of the
reaction intermediates, thereby altering the energy barrier of
the potential determining step.

As we have discussed earlier, the d-band is crucial for
controlling catalytic activity since its occupancy affects the

1254 | J Mater. Chem. A, 2026, 14, 1245-1259

strength of intermediate adsorption, which in turn regulates the
overall efficacy of the reaction. The quantity of d-orbital elec-
trons (Ng), influence the adsorption strength, more d-electrons
lower the d-band center, there by weakening the adsorbate
binding, whereas less d-electrons enhance it, strengthening
adsorption. However, N4 alone cannot explain the activity trend,
this effect is further modulated by electronegativity (Eqy), which
controls charge transfer between the transition metal and its
adjacent atoms (C, N, O, or H), thereby regulating the binding of
chemical intermediates. To describe the relationships between
these two parameters (N4 and Ery), a descriptor ¥ was intro-
duced.®*> Which is represented as,

Ny

ETM

Y= 9)

Higher ¢ generally means weaker binding to intermediates
due to more filled d-orbitals leading to stronger antibonding
state occupation. Fig. 9c shows a plot of y against Uy, for
TM,@BPN, with Rh,@BPN at the peak of the volcano plot
which corresponds to the activity results. This suggests that y
shows a strong linear correlation with adsorption energies and
catalytic activity, providing a predictive tool for designing

This journal is © The Royal Society of Chemistry 2026
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catalysts TM,@BPN screening of NOz;RR catalysts. Using
a catalyst's easily available intrinsic nature as a descriptor to
forecasting its catalytic activity provides a cost-effective and
practical technique, that avoids the need for costly DFT calcu-
lations and experimental experiments.

To enable a deeper understanding of reaction pathways and
electron transfer mechanisms, the gradual change of charge
throughout the reaction pathway of TM,@BPN for NO;RR was
investigated based on Bader charge analysis. Each intermediate
is subdivided into three moieties (Fig. 10a), moiety 1 corre-
sponds to (BPN support), moiety 2 is the (TM,C,) catalytic site
and moiety 3 denotes the adsorbed intermediates involved in
the reaction pathway. Fig. 10b, c and S18 display the charge
variation on Rh,@BPN, Os,@BPN and Ir,@BPN. Throughout
the NOz;RR process, all three moieties exhibit variation in
charge. During the first step, the NO;~ molecule receives 0.74
e, 0.80 e, and 0.69 e  from moiety 2 and moiety 1 on
Rh,@BPN, Os,@BPN, and Ir,@BPN respectively. The moiety 2
consistently donates electrons to the intermediates, which is
important for improving the adsorption of intermediates. The
final increase in moiety 3's charge signifies NH; desorption
proceeds without difficulty. Thus, Rh,@BPN, Os,@BPN, and
Ir,@BPN exhibit a comparable charge variation trend. As the
adsorbed intermediates receive electrons, moiety 1 facilitates
electron transfer between the catalytic site and the adsorbed
intermediates, allowing the catalytic process to proceed
continuously, moiety 2 functions as both the DAC's active site
and an electron donor.

3.5 Selectivity based on limiting potential and faradaic
efficiency

Another factor that hinders NO3;RR performance is faradaic
efficiency (FE), which is strongly related to competitive HER. To
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Fig. 11 Limiting potential for NOsRR and HER illustrating NOzRR
selectivity of TM,@BPN.

assess the catalytic preference of the active sites, we previously
compared the AG«yo,- and AG«y values. The findings revealed
that *NO; atoms are more likely to occupy the active sites than
*H atoms. However, in the electrocatalytic process, Uy, is the
deciding element for the entire reaction. Thus, we analyze the
U, for NO3;RR and HER to evaluate the catalytic selectivity.
Accordingly, the Uy, of HER should be more negative than the Uy,
of NO;RR. Fig. 11 illustrates the U;, of NO;RR and HER, the
NO;RR selective is indicated by the area below the diagonal line,
while the HER selective is indicated by the area above the
diagonal line. Most catalysts effectively inhibit HER, with the
exception of Pt. To further support this, the faradaic efficiency
of NO;RR was determined using the following formula:

FE = { (10)

1
(1+ e—AG/kBT):|

where AG represents the difference in free energy of the
potential determining step between the HER and NO;RR, kg
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(a) Three moieties of TM,@BPN. (b and c) Charge variation during the process of NOsRR on Rh,@BPN and Os,@BPN.
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represents the Boltzmann constant (8.617 x 10 >eVK '), and T
represents the room temperature (298.15 K), further details are
given in SI Note S3. Table S16 displays the FE value of the
screened catalyst. At room temperature, the theoretical FE of
NO;RR on Rh,@BPN can reach 100%, demonstrating its great
selectivity for NO;RR. Thus, Rh,@BPN emerges as a highly
promising candidate for NO;RR considering both activity
(limiting potential) and selectivity (theoretical FE).

3.6 Thermal stability of TM,@BPN

Additionally, Rh,@BPN, Os,@BPN, and Ir,@BPN were sub-
jected to ab initio molecular dynamics (AIMD) simulations at
500 K for a total duration of 10 ps with a time step of 2 fs to
evaluate their thermodynamic stability, as illustrated in Fig. 12
and S19. According to AIMD simulations, the structures of
Rh,@BPN, Os,@BPN, and Ir,@BPN remain stable throughout
the process, without any dissociation. Furthermore, there were
only slight energy variations within a narrow range. This indi-
cates that all three materials remain stable throughout the
process and are capable of withstanding high temperatures
without notable structural changes.

3.7 Potential experimental synthesis

According to Fan et al. biphenylene (BPN) was recently synthe-
sized by surface-assisted Ullmann coupling of 1,8-di-
bromobiphenylene precursors on Au (111).** This indicates that
obtaining extended BPN sheets is experimentally feasible. A
feasible technique to synthesizing double-metal anchored BPN
can be developed by adapting known DAC synthesis strategies
and using BPN's distinctive lattice structure. BPN is an excellent
substrate for maintaining isolated dual-metal atoms because of
its intrinsic periodic pores and defect-rich sites, which offer
a large number of anchoring centers with a significant electron-
donating capacity.**** Reported approaches for DACs include
high-temperature pyrolysis of metal-organic frameworks
(MOFs) or zeolitic imidazolate frameworks (ZIFs), wet chemical
impregnation, electrochemical deposition, and atomic layer
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Fig. 12 Ab initio molecular dynamics simulation of Rh,@BPN at 500 K
for a total duration of 10 ps with a time step of 2 fs.
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deposition.*** Using a bottom-up strategy, BPN could be
impregnated with bimetallic precursors, including metal-
organic complexes of Fe, Co, or Ni, and then pyrolyzed at high
temperatures in an inert atmosphere to create atomically
distributed dimers that are stabilized by the carbon framework.
Alternatively, a sequential anchoring technique utilizing atomic
layer deposition can accurately deposit two different metals
onto the reactive sites of BPN, ensuring well-defined dual-atom
configurations, as proven by Pt, dimers on carbon supports.®
These methods can facilitate the controlled synthesis of double-
metal anchored BPN by taking advantage of its inherent
electron-rich bonding environment and high structural
stability, offering a solid foundation for investigating syner-
gistic effects in electrocatalysis.

4. Conclusion

In summary, density functional theory screening of 28 homo-
nuclear dual-atom catalysts anchored on biphenylene
(TM,@BPN) establishes biphenylene as a functionally advan-
taged support for multistep electrocatalysis. Distinct from
graphene-type lattices, BPN presents topologically diverse four-/
six-/eight-membered rings and electronically anisotropic sp”
networks, offering abundant, stabilizing anchoring motifs that
promote robust dual-site fixation, favorable charge donation,
and moderated adsorption energetics along the NO;RR
pathway. Guided by these support-induced effects, five DACs:
Mo,@BPN, Ru,@BPN, Rh,@BPN, Os,@BPN, and Ir,@BPN
deliver low limiting potentials (—0.40 to —0.16 V) and strong
ammonia selectivity, with Rh,@BPN achieving a theoretical
faradaic efficiency of 100% while suppressing HER and N-oxide
byproducts. Mechanistically, the dual-site m-donation/m-back-
donation* and d-band center tuning rationalize the activity/
selectivity gains over SAC analogues. Beyond identifying high-
performance catalysts, this work advances generalizable
design rules: (i) target moderate NO;  adsorption (AGuno,
within the volcano apex window) to avoid either early-step or
late-step bottlenecks; (ii) engineer d-band centers near optimal
alignment to maximize bonding while limiting antibonding
population; and (iii) utilize intrinsic electronic descriptors
(AG+no,, €4, and ¥) to pre-screen dual-site compositions without
exhaustive pathway calculations. These principles, corroborated
by AIMD-verified thermal stability on BPN, are transferable to
other multi-electron electrochemical conversions that require
cooperative active sites. Collectively, our findings position
biphenylene-supported DACs as a rational platform for selective
nitrate-to-ammonia electroreduction and, more broadly, estab-
lish  structure-property-performance  correlations and
descriptor-based principles that can guide the rational design of
next-generation catalysts for multi-electron electrochemical
transformations.
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Data availability

The data supporting the findings of this study are available
within the article and its supplementary information (SI).
Additional raw data are available from the corresponding
author upon reasonable request.

Supplementary information: Notes 1, 2 and 3 for elementary
and kinetic steps of NO3;RR, solvent effect, and faradaic effi-
ciency, four possible binding configurations of TM dimer on
BPN (Fig. S1), three possible adsorption configurations of NO; ™~
on TM2®@BPN (Fig. S2), DFT-optimized configurations of
intermediates associated with free energy diagram of
Rh,@BPN, Os,@BPN and Ir,@BPN respectively (Fig. S3), free
energy diagram for NO;RR on Mo,@BPN, Ru,@BPN and
Pt,@BPN catalysts respectively, (U, > —0.5 V) (Fig. S4), free
energy diagram for NOzRR on Sc,@BPN, Ti,@BPN and
V,@BPN catalysts respectively (Fig. S5), free energy diagram for
NO3;RR on Mn,@BPN, Fe,@BPN and Co,@BPN catalysts
respectively (Fig. S6), free energy diagram for NOzRR on
Ni,@BPN, Y,@BPN and Zr,@BPN catalysts respectively
(Fig. S7), free energy diagram for NO;RR on Nb,@BPN,
Pd,@BPN and Hf,@BPN catalysts respectively (Fig. S8), free
energy diagram for NO3;RR on Ta,@BPN, W,@BPN and
Re,@BPN catalysts respectively (Fig. S9), three possible
adsorption configurations of NO on TM2@BPN (Fig. S10),
nudged elastic band calculation results for *NO + (H;0" +e”) —
*NOH + H,O on Rh,@BPN (Fig. S11), nudged elastic band
calculation results for *NO + (H;0" + e”) — *NOH + H,O
(Fig. S12), two possible adsorption configurations of NO;~ on
TM@BPN (Fig. S13), free energy diagram for NO;RR on
Rh@BPN, Os@BPN and Ir@BPN SACs catalysts respectively
(Fig. S14), (a) charge density differences of nitrate adsorbed on
Rh,@BPN, and Os,@BPN the isosurface value is 0.001 e/A>. (b)
Schematic representation of the nitrate adsorption mechanism
on the TM dimer (Fig. S15), charge density differences of nitrate
adsorbed on Mo, @BPN, Ru, @BPN, Ir,@BPN and Pt,@BPN, the
isosurface value is 0.001 e/A%. The charge depletion and accu-
mulation were depicted by cyan and violet respectively
(Fig. S16), partial density of states (PDOS) on the molecular
orbital of NO; and the d orbital of metal atoms on Mo, @BPN,
Ru,@BPN, Ir,@BPN and Pt,@BPN catalysts after NO; adsorp-
tion (Fig. S17), three moieties of TM,@BPN and charge varia-
tion during the process of NO;RR on Ir,@BPN (Fig. S18), ab
initio molecular dynamics simulation of (a) Os,@BPN, and (b)
Ir,@BPN was carried out at 500 K for 1 ps over a total time step
of fs (Fig. S19). Zero-point energy (AE,pg) and entropy (TAS) at
room temperature of gaseous molecules from the NIST data-
base (Table S1), the computed binding energy (E};), cohesive
energy (E.on) and the difference between binding and cohesive
(Ep—Econ) of TM dimers in TM,@BPN (Table S2), electronic and
structural properties of TM,@BPN, including transition metal
(TM) dimer bond length (dy-m), charge transfer (CT) from TM
dimer to substrate, and d band center (¢4) (Table S3), calculated
adsorption free energy AG«yo, (eV) on TM,@BPN, via (n*-0-1),
(m*-0-1) and (n>-0-2) configuration (Table S4), transition
metal to oxygen bond distance for the stable NO;~ adsorbed
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configuration (n*-0-2) on TM,@BPN (Table S5), calculated
Gibbs free energy of *H (AG+y) adsorption on TM,@BPN (Table
S6), calculated charge transfer (CT) from TM dimer to NO; ™, on
TM,@BPN (Table S7), the Computed limiting potential (Uy) and
potential determining step (PDS) of TM,@BPN for NO;RR
(Table S8), the calculated Zero-point energy (AEzpg) and
entropic contributions (TAS) at room temperature (298.15 K) to
the Gibbs free energies of each elementary step for Rh,@BPN.
The unit is eV (Table S9), the calculated Zero-point energy
(AEzpg) and entropic contributions (TAS) at room temperature
(298.15 K) to the Gibbs free energies of each elementary step for
Os,@BPN. The unit is eV (Table S10), the calculated Zero-point
energy (AEzpg) and entropic contributions (7AS) at room
temperature (298.15 K) to the Gibbs free energies of each
elementary step for Ir,@BPN. The unit is eV (Table S11),calcu-
lated adsorption free energy AG«xo (eV) on TM,@BPN, via *NO
end, *ON end, and **NO side configurations (Table S12),
calculated adsorption free energy AG«yo, (€V) on TM@BPN, via
1-0, and 2-O configuration (Table S13), the comparison of
catalytic performance (reflected by limiting potential, Uy) for
Nitrate reduction reaction on various electrocatalysts (Table
S14), calculated d-band center (eq) of TM@BPN (Table S15),
calculated limiting potential of HER and NO;RR and faradaic
efficiency (FE) values for TM,@BPN (Table S16), comparison of
nitrate reduction reaction pathways on the Rh,@BPN by using
DFT-D3 and DFT-Sol method (Table S17), comparison of nitrate
reduction reaction pathways on the Os,@BPN by using DFT-D3
and DFT-Sol method (Table S18). See DOI: https://doi.org/
10.1039/d5ta07089a.
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