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Introduction

Built-in electric field in the Mn/Cgg heterojunction
promotes electrocatalytic nitrogen reduction to
ammoniat

Hao Xue,®® Kaiheng Zhao,® Denglei Gao,® Fangying Duan,® Zijian Gao,” Wenjia Yu,®
Sha Li, @ *" Menglei Yuan*®® and Zongjing Lu () *?

The electrochemical nitrogen reduction reaction (NRR) has been regarded as a green and promising
alternative to the traditional Haber—Bosch process. However, the high bond energy (940.95 kJ mol™) of
the N=N triple bond hinders the adsorption and activation of N, molecules, which is a critical factor
restricting the catalytic performance of catalysts and their large-scale applications. Herein, an Mn/Cgg
heterostructure is constructed via a simple grinding and calcination process and achieves an extraordinary
faradaic efficiency of 42.18% and an NHs vield rate of 14.52 pg h™ mgca * at —0.4 V vs. RHE in 0.08 M
Na,HPO,4. Our experimental and theoretical results solidly confirm that the spontaneous charge transfer
at the Mn/Cgg heterointerface promotes the formation of a built-in electric field, which facilitates the
electron transfer from Mn towards Cgo and creates localized electrophilic and nucleophilic regions. The
formation of the space-charge region effectively optimized the adsorption energy of the key intermediate
*NH-*NH, and also reduced the free energy barrier for the hydrogenation step of *NH-*NH to *NH-
*NH,. Furthermore, the calculated lower limiting potential (U rr)) in Mn/Ceq relative to the HER (U ery)
demonstrates its enhanced selectivity toward the NRR. This work provided new insights into enhancing
the activity and performance of electrocatalysts for the NRR by constructing heterojunctions to improve
nitrogen adsorption.

carrier for sustainable energy solutions and climate
mitigation.”® The large-scale synthesis of NHj, initiated by the

Ammonia (NHj3) is indispensable in agriculture and industry,
enabling large-scale fertilizer production and supporting
various chemical processes.’ Its high hydrogen concentration
and carbon-free nature position it as a promising energy
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Haber-Bosch process in the early 20th century, is thermo-
dynamically exothermic and spontaneous (N,(g) + 3H,(g) —
2NH;(g), 4Hm’ = —92.22 kJ mol™, and A,G,,Y = —32.90 k]
mol™"). This reaction requires high temperature (350 °C-
450 °C) to accelerate the reaction rate due to the strong bond
energies of the N=N triple bond (940.95 k] mol™"), and the
substantial energy barrier (410 k] mol™") in the first step of
N=N triple bond dissociation and high pressure (100-200 bar)
to ensure a forward reaction according to Le Chatelier’s
principle.®® However, the Haber-Bosch process not only leads
to significant energy costs but also generates large amounts of
greenhouse gases (mainly CO,) during the steam methane
reformation (SMR) process to produce H,.” Recently, the
electrocatalytic nitrogen reduction reaction (NRR) powered by
renewable energy sources, such as wind and solar, in aqueous
electrolytes presents a promising alternative to the Haber-
Bosch process for efficient NH; synthesis.'®™** Nevertheless,
the performance of NRR electrocatalysts remains insufficient
to meet the requirements for practical applications.'*'®
Encouragingly, designing a heterogeneous interface to con-
struct a built-in electric field is considered an effective strategy
for enhancing electrocatalytic activity, which accelerates the

This journal is © The Royal Society of Chemistry 2025
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reaction kinetics by promoting electron transfer and reactant
diffusion.'® In general, to construct the built-in electric field,
at least one of the two heterojunction components should be a
semiconductor. The work function difference between the two
materials of a heterojunction induces interfacial polarization,
generating a potential difference that promotes the spon-
taneous movement of electrons near the interface until the
Fermi level on two sides is balanced, which ultimately forms
localized electron-rich and electron-deficient regions, creating
a charge distribution gradient and establishing a built-in elec-
tric field.'®'” This built-in electric field facilitates electron
transfer and modulates the charge density around active sites,
thereby enhancing the intrinsic activity of the electrocatalyst.
According to the types of the two materials, the heterojunction
could be categorized as: (i) p-n heterojunction, (ii) p-p hetero-
junction, (iii) n-n heterojunction, and (iv) Mott-Schottky het-
erojunction. The Mott-Schottky heterojunction is a metal-
semiconductor interface formed when a metal comes into
close contact with a semiconductor that possesses a different
Fermi level than that of the metal. For example, if a metal is in
contact with a p-type semiconductor (which has electron holes
as majority carriers), the electrons in the metal region will flow
towards the p-type semiconductor due to the work function
difference, which ultimately constructs a built-in electric field
from the metal to the semiconductor. A variety of transition
metals (TMs), such as Fe,'®'® Ru,*>*! and Mo,** have demon-
strated excellent NRR activity due to their favorable combi-
nation of occupied and unoccupied d orbitals, which pos-
sesses suitable energy and symmetry for ¢ donation from the
occupied o orbital of N, to the empty orbital of the metal atom
and n back-donation from the occupied orbital of the metal
atom to the empty n* orbital of N,.>*** Ludden et al. indicated
that Mn element is capable of improving the catalytic activity
of nitrogenases extracted from the photosynthetic bacterium
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Rhodospirillum rubrum.”>® Mn has 3d orbitals with appropriate
energy and symmetry, enabling it to achieve the aforemen-
tioned donation and back-donation effects, which are ben-
eficial for the adsorption and activation of N, molecules.>>¢7>8
However, the unoccupied d orbitals in the metal may lead to
the formation of strong metal-H bonds, which kinetically
enhance the unfavorable competitive hydrogen evolution reac-
tion (HER), causing a relatively poor selectivity towards the
NRR.>>?° Recent studies have demonstrated that tuning the
electronic structure around Mn can effectively enhance its
NRR activity and selectivity.>**®***! Du and colleagues pro-
posed a band structure regulation strategy through alloying,
which helps to mitigate the HER issue of Mn.*” The con-
structed MnP alloy showed a reduced HOMO energy level com-
pared to Mn and suppressed HER  behavior.
Buckminsterfullerene (Cgo) has a closed cage-like structure
composed of hexagons with alternating single and double
bonds and pentagons connected by single bonds,** which not
only provides a curved surface but also exhibits unique elec-
tron-withdrawing properties to work as an excellent electron
acceptor.**?® Its narrow bandgap (approximately 1.6-1.9 eV)
makes it an excellent semiconductor material for the construc-
tion of Mott-Schottky heterojunctions.>*® Moreover, a series
of theoretical and experimental studies have demonstrated the
pronounced electron-withdrawing capability of Cso, underscor-
ing its potential to effectively mitigate the competitive HER at
metal active sites while facilitating the NRR.>**"*" Therefore,
exploring the strategy of constructing a Mn/Cg, Mott-Schottky
heterojunction for the NRR holds great promise. However, no
such studies have been reported to date.

In this work, a simple grinding and calcination process was
utilized to synthesise and construct an Mn/Cg, heterostructure
with the purpose of forming a built-in electric field, which was
advantageous for accelerating charge transfer and optimizing
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the Gibbs free energy for intermediate adsorption. The built-in
electric field could promote electron transfer and tune the
charge density around active Mn sites to suppress the competi-
tive HER and reduce the energy barriers of the NRR.
Therefore, the fabricated Mn/Cg, catalyst achieved a remark-
able faradaic efficiency of 42.18% and an NHj; yield rate of
14.52 pg h™' mg. " at —0.4 V vs. RHE. This work aimed to
achieve efficient electrochemical ammonia synthesis at
ambient temperature and pressure through exploring the strat-
egy of constructing an Mn/Cg, heterostructure.

Results and discussion

The Mn/Cg, catalyst was synthesized via a simple grinding and
low-temperature (300 °C) annealing process. As shown in
Fig. 1a, the X-ray diffraction (XRD) patterns of the prepared
Mn/Cg, catalyst exhibit pronounced characteristic Cg, peaks
and recognizable peaks of Mn. The peaks at 10.8°, 17.7°, 20.8°,
21.7°, 27.4°, 28.2°, 30.9°, 32.8°,42.2° and 48.1° were indexed to
the (111), (220), (311), (222), (331), (420), (422), and (511)
planes of Cg and the (101) and (110) planes of Mn, respect-
ively. The other peaks in the XRD graph may be attributed to
MnO, generated from the oxidation of Mn element.*”> The
corresponding morphology of the catalyst, as revealed by the
scanning electron microscopy (SEM) image (Fig. 1b and c),
demonstrated that an abundant amount of nanoparticles with
small particle sizes (an average diameter of approximately
0.18 pm) (Fig. S11) were highly dispersed on the substrate.
Furthermore, the high resolution transmission electron
microscopy (HRTEM) image of Mn/Cg, further validated that
Mn nanoparticles were well dispersed on the Cg, substrate
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Fig. 1 (a) Experimental XRD patterns of the as-prepared Mn/Cgg; (b and
c) SEM image of the Mn/Cgp catalyst; (d—f) high-magnification TEM
image of Mn/Cg; (g—i) the corresponding energy-dispersive X-ray spec-
troscopy (EDS) elemental mapping of Mn/Cgp.
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(Fig. 1d and e). In the HRTEM image of Mn/Cs, (Fig. 1f), the
well-resolved lattice fringes of 2.14 nm corresponded to the
(101) lattice of Mn. Similarly, the HRTEM image of the sub-
strate exhibited interplanar distances of 2.72 nm and 3.16 nm,
which could be ascribed to the (511) and (420) planes of Cg,
indicating the successful preparation of Mn/Cg,, consistent
with the SEM observations. Due to the low concentration of
Mn, high-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM) (Fig. 1g) and the corres-
ponding energy dispersive spectroscopy (EDS) were employed
to precisely identify the spatial distribution and elemental
composition of Mn on the Cgo substrate. The EDS elemental
mapping images of C (Fig. 1h) and Mn (Fig. 1i) elements in
the Mn/Cg, catalyst show that Mn was uniformly dispersed
across the Cgo substrate in the form of nanoparticles.
Combined with the weak Mn characteristic peaks in the XRD
pattern, the high dispersion of Mn on the Cq, substrate was
further confirmed, establishing a critical foundation for the
strong electronic interactions between Mn and Cg,. Moreover,
the well-defined lattice fringe distribution was indicative of the
heterogeneous structure formed between Mn and Cg,, facilitat-
ing the formation of an intrinsic built-in electric field.

Based on the results obtained from the aforementioned
characterization techniques, we successfully demonstrated the
construction of the Mn/Cg, heterostructure. Subsequently, it
was imperative to confirm the presence of the built-in electric
field and examine the charge distribution around Mn and Cgp
through a combination of theoretical calculations and experi-
mental characterization. First, based on the crystallographic
information observed from XRD and TEM, we modeled the
Mn (101) crystal plane and Cs, and computed their work func-
tions, respectively. The work function of the Mn (101) crystal
plane was found to be 3.75 eV, while that of Ce, was 5.52 €V,
confirming that the two materials met the necessary con-
ditions for the formation of a built-in electric field, specifi-
cally, an appropriate work function difference (A® = 1.77 eV)
(Table S1t). The work function difference between the two
materials drove directional electron transfer at the interface,
aligning the Fermi levels on both sides. Further differential
charge density and Bader charge analysis (Fig. 2a and b) con-
firmed the spontaneous electron transfer from Mn to Ce( (1.10
e”), which was consistent with the results observed in X-ray
photoelectron spectroscopy (XPS). The corresponding charge
accumulation and depletion generated locally electrophilic Mn
sites and nucleophilic Cg, sites, optimizing the adsorption of
the reactant/intermediate during the NRR through electrostatic
interactions.

X-ray photoelectron spectroscopy (XPS) was performed to
further elucidate the chemical composition and variations in
the elemental valence state of the synthesized Mn/Cg, catalyst.
The significant signals for C, O, and Mn could be observed in
the survey spectra (Fig. 3a). More specifically, in the high-
resolution C 1s spectra (Fig. 3b), the highest characteristic
peak at 284.75 eV corresponds to the C-C/C=C bond and the
other three weak peaks at 286.49 eV, 288.67 eV and 290.54 eV
could be attributed to the C-O bond, C=0 bond and n-n* sat-

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) Charge density difference of the Mn/Cgp heterojunction;
yellow and cyan indicate electron accumulation and depletion, respect-
ively, with isosurface values of 0.009 e A=3. (b) Bader charge analysis for
Mn/Cegp. Colour code: pink, C; blue, Mn.

-
=
=

—_
=
-~

Intensity (a.u.)

o1s

Mn 2p

Intensity (a.u.)

Cls C-Cc/Ic=C

800 700 600 500 400 300 200

©)

Binding Energy (eV)

(@)

292 290 288 286 284
Binding Energy (eV)

Ols

. O-Mn

Y
n2p Mn 2p,,

MO, .
=\

Mn2p,,

Intensity (a.u.)
9
Intensity (a.u.)

53 534 532 530 S8 656 652 648 644 640
Binding Energy (eV) Binding Energy (eV)

Fig. 3 (a) XPS survey spectrum of Mn/Cgo, and high-resolution XPS
spectra of (b) C 1s, (c) O 1s, and (d) Mn 2p.

ellite, respectively. Meanwhile, in the high-resolution O 1s
spectra (Fig. 3c), the three peaks at 530.05 eV, 533.16 eV and
531.58 €V could be attributed to the O-Mn, O-H, and O-C
bonds, stemming from inevitable metal surface oxidation,
surface-adsorbed water and oxygen, respectively.*? Intriguingly,
in the high-resolution Mn 2p spectra, the Mn® 2p;, peaks
depicted a shift towards higher binding energies (Fig. 3d) com-
pared with the characteristic peak of pristine Mn nanoparticles
(639.0 eV),"*** indicating strong electronic interactions
between Mn and Cg,. More concretely, the positive shift of
Mn° 2p;, peaks implied an increased oxidation state of Mn,
which could be ascribed to the charge transfer from Mn to
Ceo- The aforementioned results indicated the successful con-
struction of the Mn/Cg, heterostructure and effective charge
transfer between Mn and Cg, resulting in the formation of
localized electrophilic and nucleophilic regions.'”*> This local
charge redistribution established a built-in electric field that
optimized the adsorption of the reactant/intermediate, thereby
improving the performance of the electrocatalytic NRR.

The NRR measurements were carried out with a typical
three-electrode system in an N,-saturated 0.08 M Na,HPO,
solution utilizing a single-chamber electrolytic cell. A graphite
rod, an Ag/AgCl electrode (filled with saturated KCI solution),
and a piece of pretreated carbon cloth (1 x 1 cm?) (with a cata-

This journal is © The Royal Society of Chemistry 2025
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lyst loading of 0.3 mg) were used as the counter electrode,
reference electrode, and working electrode, respectively. Note
that all potentials were reported on the reversible hydrogen
electrode (RHE) scale in this work. The linear sweep voltamme-
try (LSV) curves were first recorded in Ar-saturated and N,-satu-
rated solutions to indicate the electrocatalytic synthesis of
ammonia. As shown in Fig. 4a, the current intensity in the Ar-
saturated solution was smaller than that in the N,-saturated
solution, exhibiting an extra current density contribution from
the NRR. The time-dependent chronoamperometry (CA) test
was subsequently performed within the potential range of
—0.2 V to —1.0 V vs. RHE to further quantitatively assess the
electrocatalytic NRR performance of the Mn/Cq, catalyst.
Fig. 4b displays all the chronoamperometric curves recorded
for 1 h at various potentials in N,-saturated solution with
stable current densities. Obviously, the current density of Mn/
Ceo increased with the applied potential. The employed ultra-
violet-visible (UV-vis) absorption spectra of electrolytes based
on the indophenol blue method demonstrated the largest
absorption intensity (Fig. 4c) at —0.4 V vs. RHE after electroly-
sis for 1 h. Quantitatively, the NH; yields and associated FEs
from the NRR were evaluated utilizing a concentration-absor-
bance calibration curve constructed via the indophenol blue
method (Fig. 4d and e). The corresponding highest NH; yield
rate achieved was 14.52 pug h™" mg ' with an FE of 42.18% at
—0.4 V (Fig. 4f), outperforming most of the recently reported
catalysts, including Pd/C,*® Mn;0, nanocube? and C-doped
TiO, nanoparticles*® (Fig. 4g). However, the electrocatalytic
NRR performance decreased when the potential becomes
more negative than —0.4 V, which can be ascribed to the
enhancement of the competitive HER.*9>!

In order to show that the detected NH; was obtained from
N, by the electrocatalytic NRR on the Mn/Cg, catalyst, a series
of control experiments were carried out under the following
conditions: (i) Ar as the feed gas and Ceo/Mn as the NRR cata-
lyst, (ii) N, as the feed gas and Cg, as the NRR catalyst, (iii) N,
as the feed gas and Mn as the NRR catalyst, and (iv) N, as the
feed gas and Mn/Cg, as the NRR catalyst (Fig. 4h). In addition,
>N, isotope labeling experiments were carried out to further
exclude possible interference from any contaminants (such as
adventitious NH; and NOx). As shown in Fig. 4i, the triplet
coupling of **NH," and the doublet coupling of ">NH," of the
standard samples can be detected in 'H NMR. Only *NH,*
was detected when utilizing >N, as the feed gas for the NRR,
which illustrated that NH; was produced by the electroreduc-
tion of N,. All of these aforementioned results further con-
firmed that the synthesized NH; here originated from the
directly supplied nitrogen during the electrocatalytic NRR
instead of from other contaminants or decomposition of cata-
lysts. Subsequently, the corresponding NH; yield and FE after
electrolysis for 1 h at —0.4 V vs. RHE utilizing N, as the feed
gas and Mn/Cg, as the NRR catalyst were much higher than
those obtained utilizing Cg, or Mn as the NRR catalyst, respect-
ively (Fig. 4j), corroborating that the electrocatalytic NRR per-
formance was enhanced by the local charge redistribution in
the Mn/Cg, heterojunction.
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Fig. 4 (a) Linear sweep voltammetry (LSV) of Mn/Cgq in N,-saturated
(red line) and Ar-saturated (blue line) 0.08 M Na,HPO, electrolytes at
10 mV s7. (b) the chronoamperometric curves of Mn/Cgq in the Nj-
saturated 0.08 M Na,HPOQ, electrolyte at various potentials (—0.2 V, —0.4
V,-0.6 'V, -0.8 Vand —1.0 V) for 1 h. (c) UV-vis absorption spectra of the
electrolytes colored with the indophenol indicator for 2 h. (d and e)
Concentration—absorbance of NH4Cl solution with a series of standard
concentrations (0-1.0 pg mL™) in 0.08 M Na,HPO,. (f) The corres-
ponding NH3 yield rate and faradaic efficiency at each given potential.
(g) Comparison of the NHs yield rate and faradaic efficiency of Mn/Cgg
with selected reported NRR electrocatalysts. (h) LSV curves under
different conditions. (i) H NMR spectra (700 MHz) for *NH,* and
15NH,4* produced from N, electrochemical reduction using N, and **N,
as the feeding gas, respectively. (j) Electrochemical performance of Mn/
Ceo, Mn and Cso.

To further explore the intrinsic reasons behind the
enhanced NRR activity of Mn/Cgy, DFT calculations were first
performed to investigate the adsorption of *N, on pristine Cgo,
Mn, and Mn/Cs,. For pristine Cg, a relatively high positive free
energy barrier (0.49 eV) for *N, adsorption was observed
(Fig. 5a), suggesting that nitrogen molecules encountered sig-
nificant difficulty in adsorbing onto Ceo, which aligned with
the suboptimal NRR performance of pristine Ce, as shown in
Fig. 4j. In contrast, as anticipated, pristine Mn exhibited excel-
lent N, adsorption capability with a thermodynamically spon-
taneous *N, adsorption process (Fig. 5b). This property was
also observed in Mn/Csg, presenting a spontaneously downhill
step with a negative energy barrier for *N, adsorption (Fig. 5¢).
Additionally, an ideal NRR catalyst must carefully consider the
competing HER, involving both the adsorption energies and
the limiting potentials of the HER and NRR, the latter of
which is discussed further in the following sections.
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Regarding the discussion of adsorption energies, a lower *N,
adsorption energy is typically required compared to that of *H.
DFT calculations revealed the adsorption energies of *N, and
*H on Mn/Cg to be —1.23 and —0.60 eV, respectively, indicat-
ing that the constructed Mn/Cg, heterostructure was energeti-
cally favored to adsorb N, rather than competitively adsorb *H
(Fig. 5e). However, pristine Mn also exhibited good selectivity
in the competitive adsorption of *N, and *H (AGsy, — AGwy =
—0.95 eV < 0) (Fig. 5b and d). Therefore, it was necessary to
further investigate the reasons behind the enhanced NRR per-
formance of Mn/Ce, compared to Mn. Subsequently, to further
elucidate the impact of introducing Ce, on the NRR activity of
Mn, we performed electrochemical impedance spectroscopy
(EIS) measurements to investigate the influence of C4y on the
charge transfer kinetics of the Mn catalyst. The charge-transfer
resistance (R.) of the catalyst was investigated by EIS. Nyquist
plots for Mn/Cs, in Fig. 5f demonstrated a smaller semicircle
than those of pristine Mn and Cgo, suggesting that Mn/Cgo
exhibited smaller charge transfer impedance than pristine Mn
and Cg, revealing that the strong electronic interactions
between Mn and Ceo stemming from the built-in electric field
can effectively facilitate effective charge transfer and thereby
create localized electrophilic and nucleophilic regions. The
created localized nucleophilic and electrophilic regions facili-
tated the adsorption of reactants/intermediates, thereby alter-
ing the reaction kinetics and ultimately enhancing NRR
activity.>?

So far, we have validated the role of the rationally designed
built-in electric field in facilitating the adsorption of inert N,,
suppressing competitive *H adsorption and accelerating the
reaction kinetics. However, the previously mentioned (i) limit-
ing potentials of the HER and NRR, and (ii) how the built-in
electric field reduced the energy barrier of the NRR, had not
yet been discussed. To be more specific, both of them were
closely related to the reaction process and pathway of the NRR.
Therefore, further DFT calculations were performed to elabor-
ate on the reaction mechanism by analyzing the variation of
intermediates and the energy barriers throughout the reaction
process. Both the NRR and the HER are electrochemical pro-
cesses that involve the transfer of both protons and electrons,
a mechanism known as proton-coupled electron transfer
(PCET).”® In the absence of Li mediation and no N atoms on
the catalyst surface, the NRR mechanism can be classified into
the following pathways: distal-associative pathway, alternating-
associative pathway, dissociative pathway, and enzymatic
pathway.>**”* Among these, the dissociative pathway was
difficult to achieve under mild conditions, as it required the
direct cleavage of the N=N triple bond to obtain nitrogen
atoms for protonation and hydrogenation. Therefore, the feas-
ible reaction pathways were limited to the (i) distal-associative
pathway, (ii) alternating-associative pathway, and (iii) enzy-
matic pathway (Fig. 5g). Generally, the optimal reaction
pathway could be determined by the adsorption configuration
of N, and the hydrogenation order of N atoms.

As aforementioned, the adsorption of N, molecules onto
the pristine Cg, surface was highly unfavorable due to the rela-

This journal is © The Royal Society of Chemistry 2025
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(a) The free energy of N, — *N,H over Cgp. (b and c) The model and results of N, adsorption energy calculations for (b) pristine Mn (101) and

(c) Mn(101)/Cgo with different molecular configurations. (d) The calculated free-energy diagram of the HER for pristine Cg, pristine Mn, and Mn/Cgo.
(e) The computed adsorption energy of *N, and *H on Mn/Ceo. (f) Nyquist plots of electrochemical impedance spectra (EIS) of Mn/Cgg, Cgo, and Mn.
(g) Three different reaction pathways for the NRR including the distal-associative pathway, alternating-associative pathway, and enzymatic pathway.
(h and i) DFT-calculated reaction pathways and the corresponding energy barriers for the NRR on pristine Mn and Mn/Cep. (j) Maximum free ener-
gies required for activating the NRR and HER on pristine Mn and Mn/Cgo, where the green and blue regions indicate NRR and HER dominance,

respectively.

tively high free energy barrier (Fig. 5a). Therefore, the reaction
pathways for the NRR were only discussed for Mn and Mn/Cgo.
Fig. 5b demonstrates that, compared to the end-on configur-
ation, N, adsorbed in a side-on configuration on pristine Mn
sites exhibited a lower adsorption energy (end-on: —0.46 eV
and side-on: —1.50 eV), indicating that the adsorption behavior
of N, on Mn was primarily dominated by side-on adsorption.
Similarly, after calculating the adsorption energies of the two
N, adsorption configurations on Mn/Cg, it was found that N,
was more favored to adsorb in a side-on configuration at the
Mn sites on Mn/Cgp, and geometrically, it tended to adopt a
more energetically stable configuration, as demonstrated in
Fig. 5¢ (AG.y,: configuration 1, —1.23 eV; configuration 2,
—0.57 eV). Therefore, the enzymatic pathway was considered
the primary reaction pathway for the NRR on Mn/Ceo.

The relevant reaction intermediates and NRR free energy
diagrams obtained through DFT calculations are presented in
Fig. 5h and i, with detailed calculation methods in the ESL¥
Typically, in the enzymatic pathway, the hydrogenation steps
proceeded alternately, with hydrogen atoms binding to nitro-
gen atoms in a sequential manner.>> As shown in Fig. 5h and
i, on both Mn and Mn/Cg,, the intermediate *NH-*NH formed
in the second hydrogenation step exhibited a lower free energy
compared to *N-*NH, (Mn: *NH-*NH, —1.21 eV; *N-*NH,,
—0.66 eV; Mn/Cqo: *NH-*NH, —1.01 eV; *N-*NH,, —0.56 eV).
Therefore, the reaction mechanism followed an alternating
hydrogenation strategy, i.e., the enzymatic pathway. For pris-
tine Mn, the third hydrogenation step (*NH-*NH + H" + ¢~ —
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*NH-*NH,) was the potential-determining step (PDS) of the
NRR, with an energy barrier of 0.96 eV. However, for Mn/Cgo,
the built-in electric field in the Mn/Cg, heterojunction effec-
tively lowered the Gibbs free energy of the key intermediate
*NH-*NH, from —0.25 eV to —0.86 eV and thereby reduced the
free energy barrier for the potential-determining step in pris-
tine Mn from 0.96 eV to 0.15 eV. The potential-determining
step for the NRR on Mn/Cg, was confirmed to be the hydrogen-
ation reduction of *NH,-*NH, to *NH, and NHj;, for which a
Gibbs free energy of only 0.55 €V was required to overcome the
free energy barrier, demonstrating a lower energy barrier for the
potential-determining step. The thermodynamic limiting poten-
tial (U, = —AGpps/e) was defined as the highest potential at which
none of the reaction steps were uphill in free energy.’®*’ It is
noteworthy that the thermodynamic limiting potential for the
NRR on pristine Mn was considerably lower than that for the
HER (Upnrr): —0.96 V; Upurr): —0.55 V). In contrast, the thermo-
dynamic limiting potential for the NRR on Mn/Cg (Upnrr):
—0.55 V) was higher than that for the HER (Uyggg): —0.60 V),
suggesting enhanced NRR selectivity (Fig. 5j).

Combining the aforementioned experimental and theore-
tical calculation results, the electrochemical NRR process cata-
lyzed by the Mn/Cg, heterostructure could be summarized in
the following steps: (i) the spontaneous charge transfer at the
heterointerfaces generated a built-in electric field, which then
(ii) facilitated the formation of electrophilic/nucleophilic
regions by electrostatic interaction. (iii) The space-charge
regions enhanced the adsorption of the key intermediate *NH-
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*NH,, lowered the energy barrier of the NRR to —0.55 eV for
the potential-determining step, improved the limiting poten-
tial of the NRR and thereby enhanced NRR activity and
selectivity.

Conclusions

In summary, we have demonstrated that the Mn/Cg, hetero-
structure obtained by a simple grinding and low-temperature
(300 °C) annealing process showed excellent electrocatalyst
activity for the electrocatalytic conversion of N, to NH; under
ambient conditions. The fabricated Mn/Cg, achieved a high FE
of 42.18% and a high NHj yield rate of 14.52 pg h™" mg., " in
0.08 M Na,HPO, solution at —0.4 V vs. RHE. A series of charac-
terization techniques, electrochemical tests, and theoretical
calculations suggested that the built-in electric field at the Mn/
Ceo heterojunction promoted local charge redistribution,
thereby endowing the Mn/Cg, surface with distinct nucleophi-
lic and electrophilic sites that can effectively optimize the
adsorption energy of the key intermediate *NH-*NH, from
—0.25 eV to —0.86 eV and reduce the free energy barrier to 0.15
eV for the third hydrogenation step (*NH-*NH + H" + e~ —
*NH-*NH,). Additionally, the NRR on Mn/Cs, exhibited a
lower limiting potential (—0.55 V) compared to the HER (—0.60
V), indicating an enhancement in NRR selectivity. This study
indicates that designing electrocatalysts through the design
and construction of heterostructures is a promising strategy
for the electrocatalytic NRR.
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