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ABSTRACT: Electrochemical ammonia synthesis through the nitrogen reduction reaction
(NRR) using renewable electricity has recently attracted significant attention. Of particular
importance is the development of efficient electrocatalysts at low costs. Herein, highly
selective nitrogen capture using porous aluminum-based metal-organic frameworks (MOFs)
materials, MIL-100 (Al), is first designed for the electrochemical NRR in alkaline media
under ambient conditions. Owing to the unique structure, MIL-100 (Al) exhibits remarkable
electrocatalytic performances (NH3 yield: 10.6 pg h' cm? mge!, Faradaic efficiency:
22.6%) at a low overpotential (177 mV). Investigation indicates that the catalyst shows
excellent Np-selective captures due to the unsaturated metal sites binding with N>. More
specifically, Al as a main-group metal shows a highly selective affinity to N2 due to the strong
interaction between the Al 3p band and N 2p orbitals. The manipulation of multifunctional
MOFs delivers both high N> selectivity and abundant catalytic sites, leading to remarkable

efficiency for NH3 production.
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Ammonia (NH3) is an important chemical for many applications including pharmaceutical,
synthetic fibres, and fertilizer production, while also showing great promise for energy
storage systems (i.e. hydrogen (H,) storage).'* Importantly, it is the only currently known
carbon-free energy carrier that does not release carbon dioxide (CO.). Therefore, it is
expected to play a significant role in the future hydrogen economy. However, at present, the
traditional energy-intensive Haber—Bosch process is used for ammonia production at high
temperature and pressure (300-550 °C and 200-350 atm) with substantial greenhouse gas
emission.’ There is a growing interest in developing alternative and sustainable approaches
for ammonia synthesis. Up to now, environmentally benign processes such as photocatalysis
and electrocatalysis without using hydrogen as a reactant through nitrogen reduction reaction
(NRR) process under ambient conditions is a rapidly expanding field of research.5!!

The electrochemical synthesis of ammonia was first discovered in 1807 by Davy et al. who
used only water and dissolved air between two gold electrodes.!? The main challenge for
electrochemical method is the slow kinetics of N> adsorption and subsequent N=N triple bond
cleavage. In addition, due to the standard reduction potential for the hydrogen evolution
reaction (HER) (0 V vs. Standard Hydrogen Electrode (SHE)) is close to that of NRR (0.057
V vs. Reversible Hydrogen Electrode (RHE)), the competing HER significantly reduces the
Faradaic efficiency (FE) of the NRR.®> The cell reactors are categorized as either alkaline or
acidic systems, but the HER is more dominant in acids as evidenced by the two orders of
magnitude higher current density in acidic medium than that in alkaline electrolytes.'® In this
regard, developing efficient electrochemical NRR catalyst in alkaline media is of great
significance.

A key consideration to the design of effective NRR catalysts is the mitigation of the HER.
A series of precious metals (e.g., Pt, Au, and Ru) and nonprecious metals (e.g., Fe, Mo, Ni) as
electrocatalysts were studied, but the majority of them suffer from poor FEs due to their

superior activity for HER over NRR.% %18 Recently, researches have confirmed that main



group elements such as Bi, Al, and B are highly active for the NRR due to the strong
interaction between p band of the main group elements and the N 2p orbitals.'*?! For example,

Hao et al.'”

reported a strategy in which Bi catalysts and potassium cations both contributed to
the electrochemical NRR process with both high selectivity and activity. Their results
achieved a record-high FE of 66% and ammonia yield of 200 mmol NH3 g! h™! in aqueous
solution under ambient conditions. In addition, based on thermodynamics studies, their results
first suggested main group metals (p-block metals) were potentially exhibiting much higher
electrochemical NRR selectivity and activity than the intensively studied transition metals (d-
block metals) due to the stronger interactions between the p orbitals of metal substrates and
the adsorbed nitrogen. Further, based on this strategy, our previous study revealed for the first
time the behavior of molybdenum aluminum boride (MoAIB) single crystals as a new family
of NRR catalysts based on the transition metal aluminum borides (MAB phase).?! The
mechanism studies also indicated that the B and Al as main-group elements showed a highly
selective affinity to the N> due to the robust coupling of B 2p and Al 3p bands towards the N
2p orbital, which resulted in excellent NRR and largely suppressing the competitive HER.
Thus, in comparison to transition metal-based catalysts, the main group element-based
catalysts are promising in that they provide abundant opportunities to develop effective NRR
catalysts while mitigating the competing HER.

On the other hand, for the NRR process via an electrochemical approach, the energy input
to boost chemical kinetics can be reduced efficiently by virtue of favorable heterogeneous
electrocatalysts.”?> Compared to homogeneous catalysts, heterogeneous catalysts possess many
advantages, such as better stability for long-term use in aqueous electrolyte and better
incorporation capability into electrodes, resulting in improved energy conversion
efficiencies.?> * Owing to high microporosity, large surface area, and a tunable structure,
metal-organic frameworks (MOFs), as an emerging class of highly ordered porous

coordination polymer consisting of metal centers and organic linkers, are regarded as



promising materials in a large variety of applications,? 2

particularly in gas adsorption,
capture, and separation, and heterogeneous catalysis.**3> The presence of the microporous
structure in solvents is essential for gas-phase catalysis as well as for gas or small molecule
storage and separation,?’ which is an important requisite for good catalysts. Moreover, the
highly ordered MOFs are characterised by the high density of individually coordinated metal
atoms (or clusters) with organic ligands and contain well-defined and regularly isolated active
sites facilitating their suffcient exposure to reactions intermediates. As such they are
favourable for good electrocatalytic performance®* and promising as efficient catalysts for the
NRR. For example, Wu et al.’ used a MOF-derived nitrogen-doped nanoporous carbon as an
electrocatalyst for the NRR and Luo et al.** developed MOF-derived nitrogen-doped
carbon/Co304 nanocomposites with core-shell structures as an efficient nitrogen fixation
electrocatalyst, demonstrating the highest performance with NH3 yield rate of 3.4 pmol cm™
h'! and 42.58 pg h! mgea™! and FE of 10.2% and 8.5%. However, the FE is low. In addition,
previous research have reported designing porous MOFs containing unsaturated metal sites to
strongly bind N2 provides a promising route to achieving Na-selective capture.**-3® Inspired by
this concept, Yoon et al.*° reported mesoporous MOF materials containing accessible Cr(III)
sites (MIL-100) able to selectively capture N». Further, Cui et al.?> employed density
functional theory (DFT) calculations to understand N> and H,O adsorption on a series of 2D
MOFs, presenting a great capability for N> activation due to a much stronger adsorption with
nitrogen than H>O. It also provides atomic level insights that the MOFs with abundant metal
sites can show strong affinity to N> molecules. These work open up a new research avenue for
the development of NRR by providing an adsorption-based technologies and has inspired
further studies on use of MOFs for efficient NH3 synthesis.

Herein, we report for the first time the use of aluminum-based porous MOF (MIL-100 (Al))
to selectively reduce N»during electrochemical ammonia synthesis in alkaline electrolytes

under ambient conditions. Thanks to the strong interactions between active sites and nitrogen



atoms within the specific framework structure, the MIL-100 (Al) supported on a free-standing
copper foam (Cu foam) exhibits a high electrocatalytic NRR activity and selectivity at a low
overpotential in a 0.1 M KOH electrolyte under ambient conditions. The catalysts can be
prepared at low cost due to the high abundance and low price of the starting Al materials.
Considering the low cost and high performance, the MOF materials designed in this work can
be promising catalysts for large scale production of ammonia using electrochemical NRR

processes.
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Figure 1a. Illustration of the synthesis process for the preparation of MIL-100 (Al). b. SEM image, ¢. TEM
image, d. HRTEM image, e-h. HAADF-STEM image and the corresponding EDS elemental mapping of the
MIL-100 (Al).

The synthetic procedure of our MIL-100 (Al) is schematically illustrated in Figure 1a and is
described in detail in supporting inforamtion. In this work, the nano-/micro-structure of the
as-prepared MIL-100 (Al) was first examined using a scanning electron microscopy (SEM).
As shown in Figure 1b, the MIL-100 (Al) shows a highly uniform monodisperse octahedron
with an average size of around 1 um. Transmission electron microscopy (TEM) image
displayed in Figure 1c also indicates an apparent octahedral-shape feature, which is consistent
with the SEM analysis. A plenty of porous structures on the surface of the MIL-100 (Al) were
clearly observed in a high-resolution TEM (HRTEM) image (Figure 1d), which is due to the
framework structure from metal centers and organic linkers. High-angle annular dark field-
scanning transmission electron microscopy (HAADF-STEM) image and corresponding
Energy-dispersive X-ray spectroscopy (EDS) elemental mapping images of the MIL-100 (Al),
displayed in Figure le-h, further verified the homogeneous distribution of Al, C and O in the
sample. No other phases were observed in the SEM and TEM images, indicating that the

single phase product was successfully obtained.
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Figure 2a. XRD patterns of btcMes, AI(NOs)3, and MIL-100 (Al). XPS spectra of b. C 1s, ¢. O 1s, d. Al 2p of
the MIL-100 (Al).

X-ray diffraction (XRD) was utilized to confirm the structure and composition of btcMes,
AI(NO3)3 and MIL-100 (Al) samples. As shown in Figure 2a, according to the reference and
stand simulated XRD patterns derived by cif. data of MIL-100 (Al),* the feature of a pure
MIL-100 phase shows five peaks located within the 26 angle range from 5 to 7.5 degree and
another five peaks within the 20 angle range from 10 to 12.5 degree, which reveals a
collection of single crystalline phase ground into a powder matching well with the simulated
one reported in the literature.*” Compared to the diffraction peaks of the other two samples,
these peaks were not observed, indicating that the MIL-100 (Al) is successfully prepared. In
addition, based on the crystal structure analysis (Figure S1), the stand simulated XRD patterns

of the MIL-100 (Al) have similar peaks with that of the MIL-100 (Fe),*>*! indicating that the



MIL-100 (Al) structures have identical topologies with MIL-100 (Fe), built from trimers of
metal octahedrons and organic benzene-1,3,5-tricarboxylate (BTC) linkers. Thus, the detailed
mechanism of the formation of MIL-100 (Al) is shown in Figure 1a. First, these metal trimers
connect with the BTC molecules to form a hybrid supertetrahedron unit. Four vertices of the
hybrid supertetrahedron are occupied by the trimers while the organic linkers are located at
the four faces of the hybrid supertetrahedron. Finally, the supertetrahedra further assemble
into a 3D space architecture. The architecture has the characteristics of an octahedral
morphology and symmetric crystallographic structure.*?

XPS as a versatile analysis technique was used to analyze the composition and chemical
state of MOFs. Figure S2 shows the XPS spectrum of MIL-100 (Al) with three peaks
appearing at 74.0, 285.0, and 531.5 eV which correspond to the Al 2p, C 1s, and O Is,
respectively. The elemental composition confirmed by XPS spectra is consistent with the EDS
results in Figure S2 and Table 1. The XPS spectrum of C 1s is shown in Figure 2b and can be
deconvoluted into three peaks centered at 284.8, 285.1 and 288.9 eV. The peaks at 284.8 and
288.9 eV can be assigned to phenyl and carboxyl signals, respectively. The peak at about
285.1 eV is assigned to the carbon on the sample surface. It may be attributed to conductive
adhesive from the substrate.*® The O 1s peak at 531.5 eV shown in Figure 2c can be
deconvoluted into two peaks located at 531.2 and 532.0 eV, which can be attributed to the
carboxide and Al-O-C species, respectively.** Figure 2d provides a high resolution XPS
spectrum of the Al 2p signal deconvoluted into one peak located at 74.5 eV, which is assigned
to the AI-O-C.* These results strongly indicate that the MIL-100 (Al) was synthesized

successfully.
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Figure 3a. LSV curves of MIL-100 (Al) /Cu foam electrode in N, and Ar-saturated aqueous solutions of 0.1 M
KOH with inset showing the schematic diagram of electrochemical NRR setup. b. Faradaic efficiency and
ammonia yield at different potentials ranging from 0.05 to -0.30 V vs. RHE for MIL-100 (Al). ec.
Chronoamperometry results at the corresponding potentials. d. Comparison of the ammonia sensitive selecting
electrode and Indophenol blue reagent based colorimetric method for the quantitative analysis of ammonia yield.
e. Indophenol blue reagent based colorimetric method for the quantitative analysis of ammonia yield and Watt &
Chrisp method for the quantitative analysis of hydrazine yield. f. Faradaic efficiency and ammonia yield during 5

consecutive cycles.



To evaluate the electrocatalytic NRR activities of our MIL-100 (Al), electrochemical tests
were performed in a N-saturated 0.1 M KOH electrolyte under ambient conditions.
Electrochemical linear sweep voltammetry (LSV), chronoamperometry and electrochemical
impedance spectroscopy (EIS) were scanned at different applied potentials. All tests were
performed in a two-compartment cell separated by a proton conductive cation exchange
membrane (Nafion® 117), in which the protons (H") can react with N> to form ammonia over
the catalyst. At first, the LSV curves for MIL-100 (Al) in Ar and N-saturated 0.1 M KOH
solutions were measured to verify the source of ammonia (Figure 3a). In the Ar-saturated
solution, the increase in current density after -0.1 V vs. RHE was caused by the HER, which
competed with the NRR. In contrast, when the applied potential was more positive than -0.5
V vs. RHE, a clear reduction in the current density for the N>-saturated solution was observed
as compared to that of the Ar-saturated solution. This provides evidence that the catalytic
reduction of N> to NH3 does in fact take place in this system. When the applied potential was
set more negative than -0.5 V vs. RHE, the current densities in N»-saturated and Ar-saturated
solutions were very close, due to the dominant behavior of HER compared to the NRR at
relativily higher overpotential. In addition, for further confirmation of successful ammonia
synthesis, the corresponding NH3 concentrations were measured by using the ammonia-
selective electrode method for qualitative analysis of ammonia in the electrolyte after 1 h of
electrolysis in a continuous Ar and N> bubbling (further details are provided in the SI, Figure
S4). This test clearly shows that the values of NHj3 yield are derived from the NH3
concentrations. In the Ar system, negligible ammonia was detected in the electrolyte due to
background signal interference. These results demonstrate that the N sources for ammonia
synthesis is exclusively provided by the N> feed gas, indicating that the electrocatalytic N>
reduction can be realized by the as-prepared MIL-100 (Al).

Figure 3b shows the Faradaic efficiencies (FEs) and ammonia yields of our MIL-100 (Al) at

various applied potentials ranging from 0.05 to -0.30 V vs. RHE. The FE and NHj3 yields



shown in Figure 3b are measured based on the ammonia-selective electrode method. As
shown in Figure 3b, ammonia yields at various applied potentials show an increasing trend
with increasing the applied potential. However, a gradual decreasing trend in the FEs was
observed as the applied potential is shifted from 0.05 to -0.30 V vs. RHE, except for the
applied potential of 0 V vs. RHE (equal to overpotential of 177 mV, defined as the difference
between equilibrium potential and applied potential). In fact, as depicted in Figure 3c, a
remarkable increase in the current density was observed with the increase of applied potential.
A possible explanation is the fact that due to more electrons produced at higher applied
potentials, more electrons take part in the NRR process, thus resulting in improved conversion
of N> to NHs. In other word, increasing overpotentials is favorable for the protonation process
during NH3 generation. However, the HER became more dominant with an increase of
overpotentials due to the high affinity of the MIL-100 (Al) surface for H-adatoms,
suppressing the production of NH3 and resulting in the decline of the FEs for NH3.2% *47 The
competing HER and NRR led to the the highest NH3 FEs being achieved at the optimum
overpotential (177 mV). Therefore, in all comparative experiments, the overpotential was
determined to be the most appropriate. The NH3 yield (normalized based on the weight of the
catalysts) and FEs of the MIL-100 (Al) at a low overpotential were 10.6 ug h™' cm? mgea ™!
and 22.6%, respectively (Figure 3b). To our knowledge, NRR catalysts with low overpotential
and high NH3 selectivity have been rarely reported, especially MOFs. For instance, Xin et
al.*® reported single Mo atoms anchored to nitrogen-doped porous carbon as a cost-effective
catalyst for the NRR, achieving a high NH3 yield rate (34.0 mg NH; h"' mge™!) and a
promising FE (14.6%) at —0.3 V vs. RHE. Besides, Luo et al.* synthesized MOF-derived
C@NiO@Ni1 microtubes performing well in NRR, reaching both a high NHj3 yield rate of
43.15 pug h'! mge™! and a FE of 10.9% at -0.7 V vs. RHE. We compared our values with
previously reported literatures (Table S3). Our MIL-100 (Al) achieved remarkable NH3 yields

and FEs at a low applied potential. Therefore, an ultralow overpotential (177 mV), which is



close to the theory equilibrium potential, is used for MIL-100 (Al), making it one of the most
active and selective electrocatalysts for future NRR research under ambient conditions.

In addition, to confirm the reliability of the ammonia-selective electrode method for
ammonia detection, we also used an indophenol blue reagent (Figure 3d). It was found that
the NH3 yield values determined by the colorimetric method are slightly higher than those
measured by the ammonia-selective electrode method possibly due to potential contaminants
(metal residues, etc.), which have been found in literature.’” >' Furthermore, it has been
reported that the determination of ammonia-selective electrode is not interfered by the
contaminants. Since hydrazine (N>H4) is a possible by-product during the electrocatalytic
NRR, the colorimetric method was also used to determine if any N>Hs was produced.
Differing from most of previous reports, both NH3 and hydrazine hydrate (N>Hs-H>O) were
detected in the electrolyte after 1 h of electrolysis in a continuous N> bubbling, and the
average yields and corresponding Faradaic effciencies under various electrode potentials are
listed in Figure 3e and Table S2 (Supporting Information), indicating that the as-prepared
MIL-100 (Al) electrode still has a good selectivity for the NRR.

The stability of our MIL-100 (Al) for the electrocatalytic N> reduction was evaluated by
consecutive cycling electrolysis at the overpotential (177 mV). The ammonia yields and FEs
show no significant changes during 5 consecutive cycles (Figure 3f), indicating the high
stability of MIL-100 (Al) for electrochemical N> reduction. Additionally, the stability of the
MIL-100 (Al) was also assessed by scanning at a constant overpotential of 177 mV for 10 h.
The current density presents no obvious changes (Figure S5), further indicating that the MIL-
100 (Al) can effectively produce NH3 over a long period of time. Therefore, these results

confirm that this MOF structure has an excellent chemical stability during the NRR process.
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Figure 4a. LSV curves of pure Cu foam, MIL-100 (Al), defect MIL-100 (Al) and MIL-53 (Al) electrodes in an
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equivalent circuit diagram) of pure Cu foam, MIL-100 (Al), defect MIL-100 (Al), and MIL-53 (Al) in an N»-
saturated aqueous solution of 0.1 M KOH. d. The N,-TPD of MIL-100 (Al), defect MIL-100 (Al), and MIL-53
(Al). e Mechanism of electrochemical NRR based on MIL-100 (Al).

To evaluate the electrocatalytic NRR mechanism of MIL-100 (Al) under ambient
conditions, a series of comparison tests were performed. Firstly, to investigate the impact of
the specific MOFs structure for NRR, MIL-53 (Al) catalysts, different from MIL-100 (Al),
were synthesized. According to the reference,” the experimental XRD pattern and
morphology of the synthesized MIL-53 (Al) (Figures S6 and S7) is in good agreement with
the one reported in the literature, showing the successful preparation of MIL-53(Al). In Figure
4a and 4b, as compared to MIL-100 (Al)/Cu foam, pure Cu foam and MIL-53 (Al)/Cu foam
specimens exhibit lower reduction current density and almost no ammonia detection at the
same applied potential. This confirms that they possess no electrocatalytic activity towards the
NRR process, which indicates that the specific structure most likely plays a critical role in
achieving the benefit of better selective N> binding and catalytic role in the electrochemical
NRR process. Previous reports'®?° have verified that the main group metals (p metals) can
exhibit much higher electrochemical NRR selectivity and activity than the intensively studied
transition metals (d metals) due to the stronger interactions between the p orbitals of the metal
substrates and nitrogen. To the best of our knowledge, most metals with a theoretically high
electrocatalytic NRR activity are transition metals, but they exhibit a very poor selectivity due
to the strong HER competition. To confirm the importance of aluminum as a main-group
metal in the process of NRR, the NRR tests of Al/Cu foam and Mo/Cu foam were compared.
Figure S8 demonstrates the NHj3 yield and FEs of Al are much higher than those of Mo. It is
conceived that the MIL-100 catalysts containing aluminum, have a high affinity for N-
adatoms which helps suppress the production of hydrogen and leads to a higher NRR
selectivity at these potential. Additionally, it also confirms unsaturated metal sites as a lewis

acid exposed in the MOF structure can withdraw p electrons from N2 molecules and weaken



the N=N bonds (Figure S8). Recently, it has unequivocally demonstrated that missing cluster

defects can be obtained when synthesized in the presence of excessive monocarboxylic acid
modulators under the most commonly employed conditions.>® Thus, to further evaluate the
influences of Al on the structure of MIL-100 and NRR process, a preliminary investigation
into the defect chemistry of MIL-100 (Al) was presented in this paper. As shown in
thermogravimetric analysis (TGA) presented in Figure S9, defect-rich MOFs had lower
thermal stabilities in comparison to their “non-defective” analogues.’* This is due to the
solvated water filling up such vacancies.”> Powder X-ray diffraction (XRD) patterns of
defective derivatives (Figure S10) display similar lattice information as the patterns of the
respective parent frameworks, confirming that they retain the long-range order and topology
of the parent framework.’® However, due to the presence of randomly located defects, the
losses in short-range order lead to the weakening intensity and shift of peaks. It can be seen
that most of the patterns contain a broad and strong peak spanning at 26 range of ca. 5-12°.
This peak cannot be attributed to the MIL-100 phase and could be “missing cluster defects”.>?
Compared to the MIL-100 (Al), the defect MIL-100 (Al) exhibits lower NH3 yield and FEs
(Figure 4b) It was assumed that the missing cluster defects could result in some Al lack of
MIL-100 structure, decreasing NRR active sites and thus negatively affecting ammonia
production.

Additionally, we provide further discussion based on the EIS measurements (Figure 4c and
S11). The electron transfer resistance (Rt) at the electrode surface is derived from the
semicircle domains of impedance spectra, which is used to describe the interface properties of
the electrode. The semicircle diameter of MIL-100 (Al) is much larger than that of the control
group of catalysts (Mo). However, diameters for the Al, defect MIL-100 (Al), MIL-53 (Al),
and pure Cu foam are much bigger than that of the MIL-100 (Al). On the one hand, this is due
to the lower contact and charge transfer impedance in the MIL-100 (Al) consisting of Al and

O. On the other hand, the poor reactivity shown by Al, defect MIL-100 (Al), MIL-53 (Al),



and pure Cu foam indicates that less charge transfer is involved in the reaction, which is

consistent with the data presented in Figures 4a and S12. In the previous work,'® 2°

owing to
the strong binding with nitrogen and the slow of certain intermediates, the NRR activity could
be limited. Due to the critical step of N> adsorption for the NRR process, the N> adsorption
behaviors of MIL-100 (Al) were further evaluated by temperature-programmed desorption of
N2 (N2-TPD) in Figure 4d. In general, two adsorbed N> peaks could be observed. The peak at
low temperature range is related to the physical adsorption while the peak observed at high
temperature ranges is related to the chemisorption species of N». This result indicates that N»
can be chemically and physically adsorbed on the MIL-100 (Al) and defect MIL-100 (Al). In
contrast, there is almost no N> adsorption on the MIL-100 (53). Therefore, the strong N>
adsorption ability of the porous MIL-100 structure is favorable for enhancing NH3 production
kinetics. According to the peak area, N> adsorption on the MIL-100 (Al) is stronger than that
on the defect MIL-100 (Al), suggesting that MIL-100 (Al) exhibits a higher N> adsorption
capacity due to different porous sizes. Besides, Al metal atoms also contribute to the N>
adsorption because the nitrogen vacancies could introduce many adsorption sites on the
surface of the catalysts. As chemisorption is generally associated with the activation, these
adsorption sites can activate N» for nitrogen fixation.’” Thus, the higher nitrogen vacancy
concentration of MIL-100 (Al) results in more chemical adsorption sites, leading to the higher
NRR performance. Moreover, other researches have confirmed that the chemisorption process
in this structure occurs on the metal surfaces.?’ 3% % Therefore, we propose that the
unsaturated Al with the unique MOF structure in MIL-100 (Al) should play a synergistic role
in facilitating the electrocatalytic NRR process.

A study by Yoon et al.* has confirmed that the hydrothermally stable series of mesoporous
metal(IIl) trimesates MIL-100(M) containing a large concentration of chemically tunable
unsaturated metal sites (Al, Cr or Fe) offers a unique opportunity to validate our proposed

concept. This family of porous solids built up from oxo-centred trimers of metal(III)



octahedra interconnected by 1,3,5-benzene tricarboxylate (BTC) linkers shows a zeotype
architecture with two types of mesoporous cages, accessible through microporous windows.
Once activated, two of the three metal (III) sites are unsaturated, and -OH group caps the third
metal ion.>* Meanwhile, Therefore, MIL-100 with a large internal surface area/pore volume
can be explored as potential adsorbents for selective N> separation/capture. Furthermore,
based on the fact that NH3 and NoHs were also detected experimentally, the proposed alternate
pathway pathways representative of NH3 and N>H4 production are further demonstrated in
Figure 4e. On the basis of the above discussion, the mechanism of electrochemical NRR
based on MIL-100 (Al) is also described in Figure 4e. Firstly, N> is adsorbed and further
accumulated on the surface of the MIL-100 (Al) by strong binding between N and Al.
Subsequently, with H" absorbing and binding with N on the surface of MIL-100 (Al), Al
acting as a catalytic site reduces N> to NH3 gradually.

In summary, MIL-100 (Al) MOF materials are designed as new candidate electrocatalysts
for electrochemical ammonia synthesis under ambient conditons. They have demonstrated a
high level of activity towards the electrochemical NRR in alkaline electrolytes. The as-
synthesized MIL-100 (Al) afforded an NH;3 yield of 10.6 ug h! cm? mge™! and a FE of
22.6% at a low overpotential (117 mV). Mechanistic studies show that the outstanding NRR
activity of MIL-100 (Al) is attributed to the synergistic role of Al with the specific framwork
structure. Due to their strong N> capture and ability to overcome the competing HER at
reactive sites, the MIL-100 (Al) possess high NRR activity and selectivity. Excellent catalytic
performance and long-term stability of MIL-100 (Al), suggests that this system has a
promising potentail in the electrocatalytic NRR processes.
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Supporting Information

Unsaturated p-Metal Based Metal-Organic
Frameworks for Selective Nitrogen Reduction

Under Ambient Conditions

1 Experimental

1.1 Material and chemicals

Nitric acid (HNO3, Sigma-Aldrich, > 35%), trimethyl-1,3,5-benzenetricarboxylate (Sigma-
Aldrich, 98%), aluminum nitrate nonahydrate (Al(NO3)3-9H>0, Sigma-Aldrich, > 98%),
terephthalic acid (Sigma-Aldrich, 98%), acetic acid (Sigma-Aldrich), N,N-
dimethylformamide (DMF, Sigma-Aldrich, 99.8%), Mo powder (Metco), Al powder
(Australian Metal Powders Supplies, > 99 %, 45 um), Nafion® perfluorinated resin solution
(Sigma-Aldrich, 5 wt.%), Nafion® 117 membrane, potassium hydroxide (Sigma-Aldrich,
90%), low level ammonia pH adjusting ISA (Thermo SCIENTIFIC), ammonia standard
solution (1000 ppm ammonium chloride, Thermo SCIENTIFIC), phenol (BDH Laboratory
Supplies), ammonium sulphate (BDH Chemical, Australia Pty. Ltd.), sodium
nitroferricyanide (III) dehydrate (Sigma-Aldrich, > 99 %), trisodium citrate dehydrate
(Sigma-Aldrich), sodium hydroxide (Sigma-Aldrich), sodium hypochlorite solution (Sigma-
Aldrich), and ethanol (Merck KGaA) were used as received without further purification.

1.2 Material characterizations
Scanning electron microscopy (SEM) images were obtained on a Zeiss Sigma VP FESEM

instrument operating at 3 kV after gold sputtering. Energy-dispersive X-ray spectroscopy



(EDS) investigations were conducted using a Bruker EDS detector. Transmission electron
microscopy (TEM) was conducted on a JEOL JEM-2100 HRTEM instrument operating at
200 kV, equipped with a JEOL JED-2300 EDS detector. The crystallinity and phase purity of
the obtained samples were characterized by X-ray diffraction (XRD) technique, recorded on a
Panalytical X’Pert™ diffractometer using a Cu-Ka radiation. X-ray photoelectron
spectroscopy (XPS) measurements were performed by using a Thermo SCIENTIFIC K-
Alpha+ X-ray photoelectron spectrometer. A temperature programmed desorption (TPD) was
conducted on Belcat II fully-automated catalyst analyzer (MicrotracBEL, Japan).
Thermogravimetric analysis (TGA) was performed by using STA 2500 Regulus-NETZSCH
thermal analyser. All electrochemical measurements were carried out on a CHI760e
electrochemical station. Detection of ammonia was recorded using a spectrophotometer (UV-
1800, SHIMADZU).

1.3 Synthesis of electrocatalysts

MIL-100 (Al) Synthesis. Aluminum-based MIL-100 was synthesized according to
Volkringer et al [1] via a hydrothermal method using a mixture of AI(NO3)3-9H>O, trimethyl-
1,3,5-benzenetricarboxylate (noted as btcMes), HNOs3 and ultrapure water. In brief, the
composition (AI(NO3)3-9H>0: 1.6345 g, 4.27 mmol; btcMes: 0.7386 g, 2.87 mmol; HNOs:
0.3774 g, 5.39 mmol; H>O: 20 mL) was placed in a 50 mL Teflon cell in an autoclave. The
reaction occurred at 210 °C for 3.5 h in an oven. After cooling down, a yellowish product was
collected by filtration, followed by washing with ultrapure water and acetone. In order to
obtain an empty pore phase, the activation of MIL-100(Al) was performed by a two-step
process using a N,N-dimethylformamide (DMF) and hot water to decrease the amount of
residual organics and anions [2]. Typically, 1 g of the yellowish powder and 40 mL of DMF
were placed in a 50 ml Parr-type Teflon-lined autoclave and heated at 150 °C for 3 h. After

filtrating and drying, a white powder product (MIL-100 (Al)) and 40 mL ultrapure water were
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placed in a 50 ml Parr-type Teflon-lined autoclave and heated at 80 °C for 10 h. Then, the
sample was collected by filtration, followed by drying at room temperature.

Synthesis of defect aluminum-based MIL-100 (defect MIL-100 (Al)). The synthesis of
defect aluminum-based MIL-100 was carried out according to Lillerud et al [3] using a
hydrothermal method. Briefly, the mixture (Al(NO3)3-9H>0: 1.6345 g, 4.27 mmol; btcMes:
0.7386 g, 2.87 mmol; HNOs: 0.3774 g, 5.39 mmol; acetic acid: 1.5385 g, 25.62 mmol; H,O:
20 mL) was placed in a 50 mL Teflon cell and reacted at 210 °C for 3.5 h in an oven. After
cooling down, yellowish product was collected by filtration, and then washed with ultrapure
water and acetone, followed by drying at room temperature. Then, the activation of defect
MIL-100(Al) was also performed using the same method described above.

MIL-53 (Al) Synthesis. Aluminum-based MIL-53 was synthesized based on previous
literatures [4, 5]. The sample was hydrothermally synthesized under autogenous pressure
using a mixture of AI(NO3)3-9H>0, terephthalic acid (noted HoBDC), and ultrapure water.
The mixture (AI(NO3)3-9H>0: 1.6345 g, 4.27 mmol; HBDC: 0.4768 g, 2.87 mmol; H20: 30
mL) was placed in a 50 mL Teflon cell in an autoclave and reacted at 210 °C for 24 h in an
oven. After cooling down, a white product was collected by filtration, and washed with
ultrapure water and acetone, followed by drying at room temperature.

1. 4 Preparation of the electrode

0.25 g of the catalyst material was suspended in 9 mL ethanol and 1 mL Nafion® based
aqueous solution (5 wt%). The solution was then ultrasonicated for 1 h to obtain a uniform
solution.

Copper foam electrodes (1 cm?) were cleaned with 0.1 M HCI, ultrapure water, and acetone
using ultrasonication, before being used. After drying, the pre-cleaned electrodes were dipped
in the above catalyst ink 3 times. During each dipping steps, the copper foam electrodes were

completely covered with the ink. The coated electrode was then placed in an oven at 100 °C



for 5 min. A Nafion® 117 membrane was cut into small pieces and then treated with 3 wt%
H>0O; solution, ultrapure water, 1 mol/L H>SO4, and deionized water for 1 h at 80 °C. The
obtained membranes were repeatedly rinsed with water until neutral pH was obtained.

1. 5 Electrochemical measurements

All electrochemical measurements were carried out in a three electrode system with Pt wire as
the counter electrode, Ag/AgCl (3.5 M KCl) as the reference electrode, and catalyst coated
copper foam as the working electrode. The gas-tight two-compartment electrochemical cell
was separated by a piece of Nafion® 117 membrane. 250 mL/min of N2 (99.99%) was
introduced to the cathodic side of the system 30 min prior to starting the catalytic reaction and
also during the reaction. The reaction was carried out in room temperature under ambient
conditions. All of the potentials in this work were calculated to a reversible hydrogen
electrode (RHE) scale based on the Nernst equation (Eruge = Eag/agc1 + 0.059 x pH + 0.2046).
The value of 0.2046 depended on the KCI concentration in the reference electrode.

2 Calculations

1). Ammonia yields were calculated using the following equation:

¢ (ppb) X V(L)
t(h) X 5(em?) X m(mg)

Ry (g htem™mg ) =

where:

Ryy, (ugh™ em™ mg_.): Ammonia formation yield

¢ (ppb): Ammonia concentration in the detection solution in ppb (ng/L)
V (L): Volume of solution in liters

t (h): Reaction time in hours

S (cm?): Active area of the membrane electrode in cm?

m (mg): Mass of catalysts in milligram

2) Faraday efficiency of ammonia was determined using the following equation:



3)

4)

3xXc(pph)x 107XV (L)X F
FE = % 100
(%) 17X Q (0) %

Where:

F: Faraday constant in C/mol;

Q: Total quantity of electric charge in C.

Calculation of the equilibrium potential [6]:

The standard potential for the half reaction of N> reduction to NH4OH was

calculated according to the standard molar Gibbs energy of formation at 298.15 K [7].
The equilibrium potential under our experimental conditions is calculated using the
Nernst equation, assuming 1 atm of N> and a NH4OH concentration of 0.0078 mM/L
(measured at the optimal applied potential of 0.00 V vs. RHE) in the solution.

N, (g) + 2H,0 + 6H* + 6e” = 2NH,0H (aq) AG®
=—33.3 kJ mol™? (1)

Eo=—25 = 0,058 I, where n = 6 is the number of electrons transferred in the reaction and

nF

F is the Faraday constant.
The equilibrium potential under our experimental conditions is calculated using the

Nernst equation, assuming 1 atm of N> and a 0.0078 mM/L concentration of NH4OH in the

solution.
. RT ([NH,0H]?
E o quilibrium (vS- RHE) = E° — Elﬂ W + 0.059 X pH
= 0.177 V vs. REE (2)

Calculation of the overpotential [8]:

AE =E

equilibrium

=177 mV  (3)

(vs.RHE)— E

limiting

(vs.RHE) = 0177 V-0V =0177V

The value of Elimiting 1S equal to the applied potential required to eliminate the energy barrier
of the rate-limiting step.

3 Detection of ammonia



Low ammonia concentration detection was carried out by spectrophotometry (indophenol

blue method) and/or ion selective electrode analysis (Orion™ High-Performance Ammonia

Electrode 9512HPBNWP) methods. In addition, only a single absorber was used in the

experiments.

a.

Ammonia-selective electrode method

Apparatus: Ammonia ion selective electrode — Ionic Strength Adjuster (Thermo Scientific

Orion high performance ammonia ion selective electrode Cat.No.9512HPBNWP);

Electrometer.

Procedures:

a)

b)

Preparation of ammonia standards: A series of standard solutions were prepared with the

concentrations of 20, 200, and 2000 ppb (NH*") in 0.1 M KOH (absorber).

Electrometer calibration: the following steps were performed during the electrometer

calibration:

i. The electrode was soaked in an ammonia electrode storage solution for at least 15 min.

ii. The meter measurement mode was operated in mV mode.

iii. 100 mL of each standard was measured into separate, clean beakers. 2 mL low level
ammonia pH-adjusting ionic strength adjuster was added to each beaker prior to
calibration, followed by waiting until the reading was stable for 2 min.

iv. The mV and ppb values were used as the Y axis and X axis respectively, to prepare the
standard curve.

v. The electrode slope was checked for validity (slope should be between 54 and 60 in a

temperature range of 20-25 °C).

¢) 50 mL sample was measured and 1 mL Low level ammonia pH-adjusting ionic strength

adjuster was added. When getting readings which were stable for at least 2 min, the

measurement was recorded.

d) Calculation



b. Indophenol blue method
In addition, for comparison to the ammonia-selective electrode method, a colorimetric
method using indophenol blue for NH3 detection was also performed to confirm the reliability
of the former method.
Apparatus: A spectrophotometer (UV-1800, SHIMADZU) was used at fixed wavelength
(A=660 nm).
Procedures:
a) Preparation of special reagents:
1. Phenol-alcohol reagent: Dissolve 10 g phenol in 95% ethyl alcohol to a final volume
of 100 ml.
ii. Sodium nitroprusside (nitroferricyanide): Dissolve 1 g in DI water to a final volume of
200 ml. Store in dark bottle for no more than 1 month.
iii. Alkaline complexing reagent: Dissolve 100 g trisodium citrate and 5 g sodium
hydroxide in DI water to a final volume of 500 ml.
iv. Oxidizing solution: Add 100 ml alkaline complexing reagent to 25 ml sodium
hypochlorite (as fresh as possible).
b) Measurement:

i. Preparation of NH3 standards: A series of NH3 standard solutions were prepared with
the concentrations of 0, 50, 100, 200, 500, 750, and 1000 ppb (NH4") by dissolving
in (NH4)2SO4.

ii. 10 mL of standard or sample solution was taken. Then 400 uL phenol solution, 400 pL.
nitroferricyanide solution and 1 ml oxidizing reagent were added to the standard or
sample solution. Absorbance measurements of standards and unknown samples were
performed at A=660 nm using a spectrophotometer after mixing the solutions well
for at least 1 h.

iii. Absorbance values of standards were used to generate a standard curve. The standard



curve below was used to calculate the ammonia concentration in unknown solutions.

As shown in Figure S15, with gradual increasing of the addition NH3 concentration, a
new absorption band centered at 660 nm appeared with increasing intensity, accompanied by
a clear color change from colorless to blue. In addition, an almost perfect linearity was
observed between NH3 concentration and absorbance in Figure S16.
¢. Determination of hydrazine hydrate

In addition, due to existing by-products, the yield of hydrazine in the electrolyte was
examined by the method of Watt and Chrisp [9]. A color reagent was prepared by a mixture
of para-(dimethylamino) benzaldehyde (5.99 g), HCI (concentrated, 30 mL) and ethanol (300
mL). A calibration curve was plotted as follows: First, preparing a series of standard solutions
with the concentrations of 0, 50, 100, 200, and 500 ppb by pipetting suitable volumes of the
hydrazine hydrate-nitrogen 0.1 M KOH solution. Then, the absorbance of the standard or
sample solution was measured at A=460 nm after mixing 5 mL of standard or sample solution
with 5 mL of color reagent. Finally, the yields of hydrazine in unknown sample solutions
were estimated from a standard curve.

Figure S17 shows a new absorption band centered at 460 nm appeared with gradual
increasing of the addition N2H4 concentration corresponding to increasing intensity.
Meanwhile, the color of solution changes from colorless to yellow. It exhibits a good linear

relation between NoHy4 concentration and absorbance in Figure S18.
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Figure S1 Stand simulated XRD patterns of MIL-100 (Al) and MIL-100 (Fe) derived from

Mercury software.
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Figure S2 XPS spectrum for MIL-100 (Al).
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Figure S3 EDS point analysis of the MIL-100 (Al).

Table 1 The amounts of elements atom and weight by EDS.

Element series wt.% at.%
Carbon K-series 61.58 69.52
Oxygen K-series 3241 27.47

Aluminium K-series 6.01 3.01
Sum: 100 100

The EDS analysis confirms the presence of C, O and Al (atomic abundance of 69.52%,
27.47% and 3.01%, respectively), which is consistent with of the XPS results. Note: the Pt

atom is from the coating and Si is from the substrate.
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Figure S4 Ammonia yields for the MIL-100 (Al)/Cu foam electrode in an N> and Ar-
saturated aqueous solution of 0.1 M KOH.
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Figure S5 Chronoamperometry results at the 0.00 V vs. RHE over 10 h test.
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Figure S6 XRD pattern of the MIL-53 (Al).

Figure S7 SEM images of the MIL-53 (Al).
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Figure S10 Low-angle (26=5-12°) region of the XRD patterns obtained on the MIL-100 (Al)
and defect MIL-100 (Al) samples
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Figure S11 EIS (recorded at -0.3 V vs RHE with inset showing the equivalent circuit
diagram) of MIL-100 (Al), Al, and Mo in an N»-saturated aqueous solution of 0.1 M KOH.
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Figure S12 LSV curves of pure Cu foam, MIL-100 (Al), defect MIL-100 (Al), MIL-53 (Al),

Al powder, and Mo powder electrode in an N»-saturated aqueous solution of 0.1 M KOH.
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Figure S13 Calibration of NH3 in 0.1M KOH from 20 ppb to 2000 ppb.

Figure S14 A photograph of ammonia-sensitive testing instrument.
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Figure S15 UV-vis curves of various NH3 concentration based on Indophenol blue method,

and the insert shows the chromogenic reaction of Indophenol blue indicator with NHs.
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Figure S16 Calibration curve for colorimetric NH3 assay using the Indophenol blue method.
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Table S2 The average yields and corresponding Faradaic efficiencies under various applied

potentials.
Yield (ug h" em? mgear™)
E (vs. RHE) Total FE (%)

NH; N2Hy
10.58 1.02

0.05 (19.1) (1.4) 20
10.6 1.88

0.00 (22.6) (3.7) 26
10.14 1.77

-0.05 (13.5) (2.4) 1>
10.94 242

-0.10 (11.29) (2.2) 1249
11.92667 5.06

-0.15 (8.35) (3.6) 1
12.25667 6.88

-0.20 (5.53) 3) 53
13.86667 8.59

-0.25 (3.13) (1.8) .
14.20667 9.95

-0.30 (2.16) (1.4) 30




Table S3 A brief summary of the representative reports on electrochemical N> reduction in

aqueous solutions at ambient conditions.

Temperature Catalyst Electrolyte Yield FE (%) Potential Ref.
o 1.648 pg-h -02V
25°C Au nanorod 0.1 M KOH Lom? 4.02 vs. RHE [10]
o 8.3 ugh 02V
25°C a-Au/CeOx-RGO 0.1 M HCI I g 10.1 vs. RHE [11]
0.50 M 0.649 pg-h 2.0V vs
0 _
R.T. 30 wt% Fe;Os—CNT KOH Lom? 0.164 Ag/AgCl [12]
: 248 x 10710 0.3 Vs
R.T. VN Nanowires/CC 0.1 M HCl mol 5! em?2 3.58 RUE [13]
o ZIF-derived 9.22 mmol g -03 Vs
25°C disordered carbon -1 MEKOH Tht 10.2 RHE 4]
o 0.05M 9.8 ug cm 0.5V vs
25°C B-doped graphene H,SO4 o 10.8 RHE [15]
Single Mo atoms
anchored on N- 34.0 mg h’! 03V
R.T. doped porous 0.1IM KOH Mgea! 14.6 vs. RHE [16]
carbon
9.2 ugh’ -0.05V
R.T. MoAIB SCs 0.1 M KOH om? mgea 30.1 vs. RHE [17]
MIL-125 (T1)- 0.1M  148mgh! 04V
R.T. derived C-doped LiCIO e -] 17.8 s. RHE [18]
TiOz/C 4 g cat V .
HKUST-1 0.1M 466 ugh'! -0.75V
RT. (Cu-BTC) NaxSO4 cm’? 245 vs. RHE [19]
MOF-derived 1
R.T. C@Nio@Ni 01 MKoH P bmght e 07V g
. mgecat. vs. RHE
microtubes
PCN-222(Fe)- 1.56 X 10" -0.05V
RT. derived Fei-N-C 0.1 M HCI mol cm™ ™! 451 vs. RHE [21]
-1 _
R.T. D Co,Fe-MOF 0.1 MKOH o70meh™  os5g4 02V 155
mgecat vs. RHE
10.6 ug h! 0.00V  This
R.T. MIL-100 (AL) 0.1 M KOH om? Mg 22.6 vs RHE  work
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