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ABSTRACT: The electrochemical nitrogen reduction reaction (NRR) has
been regarded as a promising alternative to the conventional Haber—Bosh
process for NH; synthesis. Inspired by the Fe—Mo—S cofactor in the enzyme
nitrogenase, metal sulfide catalysts, mostly Fe- or Mo-based sulfides, have
recently received great interest. Here, we propose Cu,_,S (0 < x < 1) as an
efficient NRR electrocatalyst. Electrochemical tests at room temperature and
atmospheric pressure reveal that Cu, S achieves a high NH; yield of 2.19
pmol h™' cm™ along with a Faradaic efficiency of 14.1% at —0.1 V versus
reversible hydrogen electrode in an aqueous electrolyte. According to our
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first-principles calculations, the superior NRR properties originate from the

threefold-coordinate Cu sites in Cu, g;S. These sites enable N—H---S hydrogen bonding during N,H, adsorption and stabilize the
intermediates on the Cu,_,S surfaces, leading to a significant decrease in the overpotential limit for the NRR. Moreover, the
threefold sites not only provide a bioinspired NRR pathway similar to that of nitrogenase but also enable both distal and alternating
pathways, increasing the efficiency for the NRR. This study presents an attractive electrocatalyst for the NRR and opens an
alternative route to explore chalcogenides and halides as NRR catalysts where the hydrogen-bonding mediation can similarly operate.
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1. INTRODUCTION

Ammonia (NH;) production from nitrogen reduction is an
important chemical reaction academically and industrially.
Currently, the Haber—Bosch process enables mass production
of ammonia, which is critical in supporting half of the world
population via its role of an essential precursor in fertilizer
production.’ However, the process can be operated only under
high temperatures (400—500 °C) and pressures (10—30 MPa)
because of the notoriously strong N, triple bond.” Recently, an
electrochemical nitrogen reduction reaction (NRR) under
ambient conditions has been of great interest as an
alternative,”™° although it is still extremely challenging to
realize an NRR catalyst with a high ammonia production rate
and selectivity.”

Inspired by the enzyme nitrogenase and its Fe—Mo—S
cofactor in the active site,*” the NRR activities of metal sulfide
catalysts such as FeS,,'""" MoS,,'” and FeS—MoS, compo-
sites* have been recently explored. Although these materials
have shown promise for the NRR, there is still room to
enhance the NRR activity by further reproducing the NRR
mechanism of nitrogenase as follows: (1) formation of more
metal—nitrogen(—metal) bonds that are crucial to bind N,H,
intermediates during the NRR and (2) generation of sulfur
sites to facilitate proton transfer (PT) to N,.” For these steps,
it is necessary to further increase the number of active metal-
binding sites on the metal sulfide surfaces.
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Fe and Mo prefer an oxidation number of 2 or higher; thus,
it is difficult to design sulfide catalysts with metal/sulfur ratios
higher than 1. However, Cu can exhibit an oxidation number
as low as 1, hence leading to a variety of Cu,_,S (0 < x < 1)
structures. According to previous reports on copper
sulfides,'" mostly for the CuS (Cu/S = 1:1) system, they
showed low NRR activity. In this work, we focus on Cu,_,S (0
< x < 1) catalysts for the NRR and find that they show an NH,
yield rate as high as 2.19 ymol h™' ¢cm™ and a Faradaic
efficiency (FE) of 14.1%. Our first-principles density functional
theory (DFT) calculations reveal that the enhancement in the
NRR indeed originates from the Cu,_,S catalysts proceeding
through a bioinspired NRR pathway similar to that of
nitrogenase.

2. THEORETICAL AND EXPERIMENTAL DETAILS

2.1. Preparation of Cu,_,S Catalysts. Cu,_,S samples
were synthesized by a combination of the dry mechanochem-
ical method and wet milling method. CuS and Cu,S particles

Received: April 17, 2020
Revised:  August 20, 2020
Published: August 24, 2020

https://dx.doi.org/10.1021/acscatal.0c01730
ACS Catal. 2020, 10, 10577—10584


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Min-Cheol+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hyunji+Nam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jihyun+Choi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hee+Soo+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hong+Woo+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Donghun+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jimin+Kong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jimin+Kong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sang+Soo+Han"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Seung+Yong+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hyun+S.+Park"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acscatal.0c01730&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c01730?ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c01730?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c01730?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c01730?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c01730?fig=abs1&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c01730?ref=pdf
https://pubs.acs.org/acscatalysis?ref=pdf
https://pubs.acs.org/acscatalysis?ref=pdf

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

were first synthesized by the dry mechanochemical method. In
the mechanochemical method, a steel jar containing precursors
and balls was rotated at 550 rpm with spinning for up to 2 h in
a planetary ball mill machine (Fritsch GmBH, Pulverisette S
classic line). Elemental Cu (Alfa Aesar, 99.9%, ~100 mesh)
and S (Sigma-Aldrich, 99.8%) powders were used as
precursors. The elemental precursors were weighed under an
argon atmosphere in a glovebox with the determined ratios
(Cu/S = 1:1 and 2:1). The powder mixture (S g) and ZrO,
balls (25 g of S mm & balls and 25 g of 10 mm & balls) were
charged into a stainless steel jar (approximately 80 mL in
volume) without any solvents or any additives. The ratio of the
ball to the precursor was fixed at 10:1 in weight percent. After
ball milling, the as-synthesized particles were post-annealed at
400 °C for 2 h in a tube furnace under an Ar (99.999%) gas
atmosphere.

After the preparation of the CuS and Cu,S samples, they
underwent the wet-milling process in order to generate inks for
coating the NRR electrode. The samples (2 g), 8 mL of
isopropyl alcohol, and 45 g of ZrO, balls (1 mm &/5 mm & =
2:1) were loaded in a Nalgene bottle. The bottle was rotated at
200 rpm. CuS catalysts were obtained after 72 h milling of the
CusS samples. Cu, g,S catalysts were obtained after 72 h milling
of the Cu,S samples, and Cu,S catalysts were obtained after 12
h milling of the Cu,S samples.

2.2. Synthesis of Cu Catalysts. First, 500.0 mg (2.15
mmol) of copper nitrate hemipentahydrate [Cu(NOj;),:
2.5H,0, Sigma-Aldrich, 99.9%] was dissolved in 15 mL of
dimethylformamide (DMF, Sigma-Aldrich, 99.9%), and then,
301.2 mg (1.43 mmol) of trimesic acid (H;btc, Sigma-Aldrich,
99.9%) was added. After stirring for 30 min, the solution was
kept in a glass vial at 80 °C for 6 h and then cooled to room
temperature. Blue crystals (Cu-HKUST-1) were obtained.
After washing with DMF and solvent-exchanged with
acetonitrile (MeCN, Sigma-Aldrich, 99.9%) for 1 d, the
product was heated to 80 °C under a static vacuum for 12 h.
The as-synthesized Cu-HKUST-1 was added to a crucible,
which was then placed in a tube furnace and heated to 800 °C
under Ar (99.999%) with a heating rate of 4.3 °C/min. After
reaching the target temperature, the material was maintained
for 3 h and then naturally allowed to cool to room
temperature.

2.3. Synthesis of Fe Catalysts. First, 0.04 M iron(I)-
chloride (0.238 g, FeCl,-4H,0, Sigma-Aldrich, 99.9%) was
dissolved in 30 mL of ethanol under mechanical stirring to
obtain a clear homogeneous solution. Next, 0.1 M sodium
borohydride (0.378 g, NaBH,, Sigma-Aldrich, 99.9%)
dissolved in 100 mL of DI water was added dropwise to the
abovementioned solution. During the addition process, the
color of the solution changed from orange to dark red, which
in turn resulted in a black precipitate. The precipitates were
collected by centrifugation, washed several times using ethanol
and DI water, and finally dried at 70 °C under a vacuum. To
obtain a pure Fe crystal phase of the catalyst, the as-
synthesized Fe samples were added to a crucible, which was
then placed in a tube furnace and heated to 600 °C under H,
(99.9%) with a heating rate of 10 °C/min. After reaching the
target temperature, the catalyst was maintained for 6 h and
then naturally allowed to cool to room temperature.

2.4. Material Characterization. Transmission electron
microscopy (TEM) images and energy-dispersive X-ray
spectroscopy (EDS) spectra were acquired using a scanning
transmission electron microscope (FEI Talos F200X)

equipped with an energy-dispersive spectrometer (EDS)
(Bruker Super-X EDS system). The crystal structure and
phase purity were examined by X-ray diffraction (XRD) with
Cu Ka radiation (4 = 1.5406 A).

2.5. Electrochemical Experiments. A Bio-Logic SP-300
potentiostat was used for all electrochemical experiments. The
electrochemical experiments were performed at room temper-
ature and pressure. For the three-electrode configuration, the
metal sulfide working electrodes were studied by employing a
standard calomel electrode and graphite rod as the reference
electrode and counter electrode, respectively. All potentials
were converted to the reversible hydrogen electrode (RHE)
scale. Wet-milled Cu,_,S catalysts were hand-sprayed onto a
carbon paper (2.5 cm X 2.5 cm, Toray T-120) and dried in a
desiccator at ambient temperature. The amount of catalyst to
be coated onto the electrode was 1 mg cm™. The coated
electrode was rinsed with 0.1 M KOH (pH 13.3) before
starting the experiment. The electrolyte used was 0.1 M KOH
(85%, Sigma), and the absorber (Trap solution) was 10 mM
H,S0,. Anion-exchange membranes (FAA-3, Fumatech) were
used to separate the cathode and anode chambers and were
immersed in 1 M KOH for 24 h and DI water for another 1 h
before the NRR tests. Chronoamperometry (CA) was
performed for 1 h each at different potentials to accumulate
the NH; produced in the electrolyte solution under controlled
atmosphere at room temperature. For the electrochemical
NRR, "N, (99.999%) and "N, (98 atom %, Sigma) were
bubbled for approximately 20 min before the measurements
and continuously purged into the cathode compartment during
the experiments, with the flow rates of 250 and 5 cm®/min,
respectively.

2.6. Quantification of Ammonia. The concentration of
produced ammonia was determined by the indophenol blue
method. For this method, 1 mL of aliquot taken from the
cathode electrolyte solution or trap solution was mixed with 1
mL of a phenol solution (0.64 M C,H;OH, 0.38 M NaOH,
and 1.3 mM C,FeN¢Na,0) and 1 mL of hypochlorite solution
(55 mM NaOCl and 0.75 M NaOH). After 1 h of reaction at
room temperature, the sample absorbance was analyzed by
UV—vis spectroscopy (Cary UV—visible 100 spectrophotom-
eter, Agilent) from 900 to 350 nm. The indophenol
absorbance peaks were measured at 633 nm after subtracting
the background absorbance measured at 875 nm. The
concentration—absorbance curves were calibrated with the
Beer—Lambert law

A = ebc (1)

where A is the absorbance, ¢ is the extinction coefficient, b is
the UV—vis quartz cuvette length of 1 cm, and ¢ is the sample
concentration. The standard ammonium chloride solutions
within the range of 0—10 ppm (0, 0.25, 0.50, 0.75, 2.50, 5.00,
7.50, and 10.00 ppm) are used for calibration. The estimated
extinction coefficient is 267 + 57 L mol™" em™.

2.7. NMR Spectroscopy. Both N, and "N, were
analyzed by '"H NMR (nuclear magnetic resonance, Bruker
ADVANCE III HD 400 MHz) spectroscopy to identify the
electrochemically produced ammonia. After electrolysis, the
pH of the electrolyte aliquot was adjusted to 2 by adding 1 M
H,SO,. Then, 10 vol % D,O (99.994 atom % D, Sigma-
Aldrich) was added to the analyte solution for NMR
measurements. The samples in all NMR experiments were
scanned for 400 cycles.
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Figure 1. (a—c) Experimental TEM images with EDS mapping and XRD patterns of the synthesized CuS$ (a), Cu,4,S (b), and Cu,S (c), where the
scale bar in the TEM images is 70 nm. (d—f) Atomic structures for CuS (d), Cu, &S (e), and Cu,S (f). Here, the color code for atoms is coral = Cu
and yellow = S. (g—i) RDFs for the Cu—S (g), S—S (h), and Cu—Cu (i) pairs in the copper sulfides. The insets in (d—f) depict the Cu—Cu
distances from the major Cu—Cu RDF peaks represented by the arrows in (i).

2.8. Determination of Ammonia Yield and FE. The FE
of N, reduction was calculated as follows

n X F X [NH
F.E. (%) =100 X nX E X [NH,]
Q 2)
The NH; formation rate ryy, is estimated by
- [NH,]
1 molh'em™) = —=
hm, )= A ®

where n is the number of electrons, F is the Faraday constant
(96,485 [C/mol]), [NH,] is the total amount of NH; detected
at different potentials in the electrolyte and trap solution, Q is
the total charge (current X time), ¢ is the reaction time, and A
is the surface area.

2.9. First-Principles Calculations. All of the first-
principles DFT calculations were performed using the Vienna
Ab initio Simulation Package'® with the revised Perdew—
Burke—Ernzerhof'” functional as the exchange and correlation
functional with the D3 dispersion correction.'® The projector-
augmented-wave method was adopted to describe the potential
from the ionic core,'” and an energy cutoff of 500 eV was used.
Monkhorst—Pack k-point sampling with the k-point spacing
<0.03 A7 was used for all systems. The spin polarization and
dipole correction were also included. For nonelectrochemical
reactions, the climbing-image nudged elastic band*® method
was employed to calculate the transition state for the reaction
step.

Because a unit cell of tetragonal Cu, g, S includes 73 atoms
(Cu: 47, S: 26), a first-principles investigation of its NRR
process is very challenging, which requires a simple slab model
for the system. Fortunately, the space group of tetragonal
Cu, S (P4;2,2, no. 96) is the same as that of tetragonal Cu,$S
(unit cell: 8 Cu, 4 S),”" implying that the majority of local

atomic structures in Cu, g;S are similar to those in Cu,S; thus,
tetragonal Cu,S can be readily regarded as a model of Cu;4,S
for NRR calculation. Then, the flat surfaces of Cu, ¢S were
modeled with four-layer slabs repeated periodically. The top
two layers of the slab models and the adsorbates were allowed
to relax until the forces on the individual relaxed atoms were
less than 0.03 eV A™', whereas the bottom two layers were
fixed during the optimization process.

For the tetragonal Cu, S slab model, all of the possible
cleavages were scanned for several low-index surfaces such as
(001), (100), (101), (110), and (111) to find the most stable
structure for the NRR pathway calculation (Figure S1); the
number of atoms for each slab model was 12, 24, 24, 48, and
48, respectively. Here, a vacuum spacing of >15 A was used to
prevent interslab interactions in the slab systems. Our first-
principles calculations reveal that the (111) surface has the
lowest energy (Figure S1), and we explore the NRR
mechanisms over Cu,4;S(111) at U = 0 V and pH 13.3.

To investigate the full NRR pathways over the Cu,gS
surfaces, we considered all of the elementary steps for the
NRR. The distal mechanism can be depicted as follows

N, + H + ¢~ — *NNH (4)
*NNH + H* + e~ — *NNH, (s)
*NNH, + H" + ¢~ — *N + NH, (6)
*N + H" + ¢ —» *NH (7)
*NH + H" + ¢~ - *NH, (8)
*NH, + H" + ¢~ — *NH, (9)
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Figure 2. Electrochemical experiment results. (a—c) CA results and (d—f) UV—vis spectroscopy results of the electrolyte for CuS, Cu,4,S, and
Cu,S. (g) Ammonia production yield and FE for the CuS, Cu,4,S, and Cu,S samples. For comparison, the results of monometallic Fe and Cu

tested in this work are included.

*NH, — NH, + * (10)

Then, the bioinspired mechanism for Cu, .S branching
from eq 4 into eq S is

N, + (Cu)* - (Cu)*N, (11)
(S)* +H" + e — (S)*H (12)
(Cu)*N, + (S)*H — *NNH (13)
The mixed mechanism branching from eq S into eq 8 is

*NNH + H" + ¢~ - *NHNH (14)
*NHNH + H* + e~ — *NHNH, (15)
*NHNH, + H" + ¢~ — *NH + NH, (16)

The alternative mechanism branching from eq 15 into eq 9
is

*NHNH, + H" + ¢~ — *NH,NH, (17)
*NH,NH, + H" + ¢~ - *NH, + NH, (18)

To calculate the Gibbs free energy change of each
elementary step involving PT and electron transfer, the
potential under standard reaction conditions (298 K and 1
atm) was set as the reference potential, in which the chemical
potential of the (H* + e”) pair was related to half of the
chemical potential of a hydrogen gas molecule (H,) at pH 0.”
To directly compare our calculations with experiments, we
considered pH 13.3 in the NRR pathways as in our
experiments. For each step, AG = AH + TAS + AE;p; +
AGy + AGpy. Here, the enthalpy H = E + Eyp + /gCV dT,
where E is the electronic energy, E,pp is the zero-point
correction energy, and the last term is the integration of heat
capacity. T is the absolute temperature and S is the entropy.
Ezpg, / TCy dT, and S can all be derived from the vibrational

10580

frequencies of the adsorbed species, which are evaluated from
finite-difference calculations. E, E,p, / I'c, dT, and TS of the
reference gas molecules (N,, H,, and NH;) are presented in
Table S1. AGy represents the effect of the applied bias and is
equal to —neU, in which n is the number of transferred
electrons in each step. AG,y is the contribution of H" and is
equal to —kz X In(10) X pH, where kg is the Boltzmann
constant. Solvation effects were not included because the
solvation-induced stabilization of adsorbates in the NRR on
metal surfaces is within 0.1-0.2 eV.>

3. RESULTS AND DISCUSSION

3.1. Catalyst Synthesis and Characterization. Two
types of Cu,_,S catalysts, tetragonal Cu,4S (space group:
P432,2, no. 96) and chalcocite Cu,S (P2,/c, 14), in addition to
the covellite CuS (P6;/mmc, 194) catalyst, were prepared by a
simple wet-milling method, and their crystal structures were
confirmed by the XRD patterns (Figure la—c and Table S2).
Additionally, the TEM and EDS results show that Cu and S are
well dispersed in the particles (insets in Figure la—c). To
further investigate the atomic structures of the catalysts, radial
distribution functions (RDFs) for Cu—Cu, S—S, and Cu—S§
pairs were calculated (Figure 1g—i). In all three copper
sulfides, Cu is bonded only to S with no Cu—Cu bond (Figure
S2), where the Cu—S distances are all similar (2.3 A).
However, unlike Cu, 4;S and Cu,S, CuS includes S—S covalent
bonds, and the major RDF peak for the Cu—Cu pair in CuS is
much larger (3.8 A) than those (2.7-3.0 A) in Cu,gS and
Cu,S, showing that the Cu sites in Cu,_,S are more closely
packed over CuS. From these results, the Cu,_,S catalyst is
expected to show a NRR activity superior to that of CuS. On
the other hand, the particle sizes of the synthesized samples are
in the range of 1.6—2.6 um (Figure S3), and their Brunauer—
Emmett—Teller surface areas are evaluated to be as low as < 10
m?/g, which indicates that their nanosize effect on the NRR
activity is not significant.
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3.2. Electrochemical Reduction of N, to NH;. Electro-
chemical measurements were carried out on a two-compart-
ment cell (H cell) with a trap at room temperature and
atmospheric pressure. Nitrogen (**N and "*N) was fed into the
cathodic electrolyte by gas bubbling during the electrolysis. CA
was used to measure the current density during the electrolysis
(Figure 2a—c). The produced ammonia was measured with
colorimetric assays using the indophenol blue method and
NMR spectra (Figures 2d—f, S4, and S5). Additional tests were
carried out to exclude possible interference from any
contaminants (Figure $6), which included the following: (1)
argon-saturated solution with the catalyst electrolyzed for 1 h,
(2) electrolytes saturated by N, with a bare carbon paper, or
(3) electrolytes saturated by N, with an open circuit for 1 h.
No ammonia could be detected in the control experiments and
in the traps (Figure S7). In addition, "NH," was detected by
NMR when "N, was used as the dinitrogen source (Figure
SSb). We also compare the electrochemical results with
monometallic Cu and Fe nanoparticles (Figures S8 and S9). In
Figure 2g, although monometallic Cu and Fe show no NRR
performance, the optimal NRR activity over CuS is detected at
—0.10 V (vs RHE) with a production rate of 0.89 ymol h™
cm™ and FE of 6.5%, and Cu,S shows a production rate of
1.79 pmol h™" cm™ and FE of 11.8% at —0.20 V, indicating
that the higher Cu content leads to a higher NRR activity, as
initially intended. On the other hand, it is remarkable that the
highest NRR activity is observed over the Cu, g,S catalyst, with
a production rate of 2.19 ymol h™' cm™ and FE of 14.1% at
—0.10 V. This production rate was also confirmed with the 'H
NMR analysis, revealing the production rate of 2.29 ymol h™
cm™> (Figure S5). Note that Cu,g,S shows a higher NH;
production rate and FE than those of the most reported metal
sulfide catalysts under ambient conditions, including MoS,
(0.29 pmol h™' em™2, 1.2%;* 0.15 pmol h™' cm™2, 4.6%'%)
and FeS, (0.14—0.28 umol h™' cm™'"). A comparison with
other reported electrocatalysts is summarized in Table S3.

3.3. First-Principles NRR Mechanism Study on Cu, g;S
Surface. To gain insight into the NRR activity of copper
sulfides, we performed a mechanistic study of the NRR on the
Cu,5,S surface using a DFT method. It was reported that
electrochemical N, reduction preferentially operates via an
associative mechanism rather than a dissociative mecha-
nism.”>*> Based on the associative process, we carefully
investigated the NRR mechanism over Cu,5S by DFT
calculations and then compared it with those over Cu and
Fe surfaces (Figure 3). Here, the distal, alternating, and mixed
pathways®®*” for the associative NRR were considered. The
mixed route is similar to the alternating route up to the third
protonation, leading to the formation of *N,H;; however, a
further protonation of *N,H; leads to *NH and NH; (mixed)
and *N,H, (alternating) (Figure 3a). The relative Gibbs
energies of each reaction step on Cu, g S(111) and Cu(111)
are given in Table S4.

The potential-determining step (PDS) for the NRR on
Cu(111) is the protonation of N, (*N, — *N,H; * denotes a
surface site), and its limiting potential (Uy) is as high as 2.5 eV
along with endothermic N, adsorption (Figure 3c), indicating
that Cu(111) is unfavorable for the NRR, as observed in
Figure 2g. If the same convention is considered over Cu,g§,
Uy is large (2.0 eV), although the PDS is the same as that in
the Cu case (I — II in Figure 3a), from which it is difficult to
explain the high NRR activity for Cu;g,S shown in Figure 2g.
Here, we propose a “bioinspired” pathway, where, instead of
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Figure 3. (a) NRR pathways depicted by the relaxed structure of
intermediates on the tetragonal Cu, ;S surface. Here, the color code
for atoms is Cu = coral, S = yellow, N = blue, and H = green. Free-
energy diagrams of the NRR on (b) tetragonal Cu,_,S(111), (c)
Cu(111), and (d) Fe(011) at pH = 13.3 and U = 0 V (vs RHE). The
PDS for the NRR on each surface is depicted.

the direct protonation of *N,, a sulfur site on Cu,gS(111) is
first protonated (I — I’ in Figure 3a), and then *N, is
protonated via the transfer of H" bonded to sulfur (I' — II).
This pathway is very similar to the N, — N,H protonation
step of nitrogenase, where the H" source is a sulfur site on the
Fe—Mo cofactor;’ therefore, our mechanism can be called
“bioinspired”. Following the bioinspired pathway, sulfur
protonation (I — I’ in Figure 3a) can be the PDS, with a
greatly reduced Uy of 1.2 eV (Figure 3b). Here, the reaction
barrier for the hydrogen transfer from Cu to S is 0.87 eV,
which is still lower than U; (1.2 eV). This reveals that the
hydrogen transfer is readily feasible. In addition, we note that
N,H is horizontally adsorbed by three Cu atoms over
Cu,5,S(111) in addition to the formation of a N—H--S
hydrogen bond, which leads to further stabilization of the
reactant of the PT reaction (I' — II in Figure 3a) and then a
more favorable NRR by reducing the free energy of this
reaction (Figure S10). Similar behaviors are also observed for
the *N,H, (x = 2—4) adsorption species generated by further
protonation. These observations clearly show that the
threefold-coordinate Cu sites play a vital role in enhancing
the NRR activity.

Moreover, although most NRR electrocatalysts follow one
preferential pathway,”® the threefold-coordinate Cu sites in
Cu,4;S open two NRR pathways (Figure 4), which is another
key factor to enhance the NRR activity. As presented in Figure
3b, the distal and mixed pathways show similar NRR energetics
over Cu;g;S(111). The highest energy difference between the
distal and mixed pathways is observed at the third protonation
reaction for the distal (*N,H, — *N, III — VI in Figure 3a)
and mixed/alternative (*NHNH — *NHNH,, III' — VI')
pathways, which is very low (0.10 eV). This value is even lower
than Uy (1.2 €V), indicating that the two pathways are readily
possible. For comparison, the bcc Fe(011) surface was also
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Fe (110) Cu,,S (111)

Figure 4. Schematic diagram for the hydrogen-bonding enhancement
of the NRR activity in the Cu,_,S pathway. The NRR pathway for (a)
Fe(110) and (b) tetragonal Cu, 4 S(111) surfaces is depicted. Free-
energy differences between the *N and *N,H;, and *NH and *N,H,,
intermediates are compared. Only the distal mechanism can occur for
Fe, whereas both distal and mixed mechanisms are possible for
Cu,;5,S(111) because of the stabilization of N,H, intermediates from
the N—H--S hydrogen bonds (depicted as dotted lines). As a result,
the number of effective active sites is increased for Cu, S compared
to Fe.

considered. Over the surface, the highest energy difference
between the NRR pathways is 3.2 eV at the third protonation,
much higher than Uy (1.6 V). This result reveals that the NH,
generation over Fe(011) prefers only the distal process (Figure
4). Once *N, adsorbed on Fe(011) is protonated, the next
possible protonation sites are only on the same nitrogen atom
that is already protonated (depicted as the blue numbered
circles in Figure 4a, the distal pathway), eventually limiting the
active sites for a further protonation. However, on Cu,g,S-
(111), the reaction intermediates can be protonated for any
nitrogen atom (depicted as the blue numbered circles in Figure
4b, the distal, mixed, and alternating pathways), increasing the
number of effective active sites for protonation compared to
Fe(011).

For efficient NRR electrocatalysts, the hydrogen evolution
reaction (HER) must be suppressed. We calculated the HER
potentials for every *H adsorption site over the tetragonal
Cu, ,S(111) surface and found that the lowest HER barrier is
0.8 eV (Figure S11). In addition, the lowest *H passivation
barrier over the Cu,g,S surface is 0.3 eV, which implies that
the FE of NRR activity can be reduced by dominant hydrogen
adsorption over the surface at the negative potentials than U =
—0.3 V versus RHE. Note that the *N, adsorption free energy
(—0.11 eV, Table S4) is lower than the lowest *H adsorption
free energy (+0.3 eV, Figure S11) because of the basic
condition (pH = 13.3), which explains why NRR occurs
without hydrogen passivation of the active sites. In order to
gain insight on the potential dependency of the NRR activity
of the Cu,;gS catalyst, we compare the free-energy diagram
when U is applied for the PDS or, more precisely, the rate-
determining step (RDS) of the NRR and for HER on the S
sites of the Cu, ;S(111) surface (Figure S12 and Table S5). It
is well known that the free-energy barrier for the RDS (AGypg)
goes down as U becomes negative for the NRR,*® which is also
observed in our calculations for U = 0.0 and —0.1 V versus
RHE. However, the PT step is a nonelectrochemical reaction,
which is not influenced by U. Consequently, AG for the PT
step remains constant although U becomes negative, whereas

AGgps for HER becomes lower. AGypg for HER becomes
lower than that for the PT step at U < —0.2 V versus RHE
(AGrpg = 0.6 = 0.1 eV for HER, 0.8 eV for PT), which
indicates that HER should be dominant for U < —0.2 V and
explains why the activity and FE for the NRR drop in the
region of U < —0.2 V versus RHE (Figure S12c). HER can be
suppressed, employing reported strategies to improve the FE,
including the use of aprotic”® or ionic liquid*” electrolytes, and
K* promotors,” indicating that there is still room to further
improve the FE of Cu,g;S. In addition, we note that advanced
in situ experiments®"”” can be useful to further clarify our
NRR mechanism involving the formation of S—H bonds and
N,H, intermediates during the NRR.

In Figure 2g, the chalcocite Cu,S even shows an NHj;
production rate as high as 1.79 ymol h™' cm™. Although this
value is lower than that of tetragonal Cu, S, it is still higher
than those observed in other metal sulfide and pure metal
catalysts. We analyzed the densities of threefold-coordinate Cu
sites in each copper sulfide structure (Table S2). Indeed,
Cu,g,S includes the most threefold Cu sites (0.10 A™3),
followed by Cu,S (0.03 A™®) and CuS (0.01 A™3), which
matches well with the experimental NRR activity trend shown
in Figure 2. This reveals why Cu, S has a higher activity than
Cu,S, although Cu,4 S has a lower Cu/S ratio. This result
clearly supports the importance of the threefold-coordinate Cu
sites for efficient NRR performance.

With the densities of the threefold-coordinate Cu sites, we
can explain why CuS has generally a lower NRR activity
compared to Cu, ¢S and Cu,S, but it still remains unclear why
the NRR activity is actually higher than that of Cu,4 S and
Cu,S at U = 0.0 V versus RHE. Following the same procedure
to Cu,g,S, we determined the most stable surface for
CuS(001) with DFT calculations and evaluated the free
energies for HER and the first few steps of the NRR (Table
SS). The initial protonation of the S site on Cu$ has a lower
barrier (1.0 eV) compared to Cu, ;S (1.2 eV), which enables
NRR at U = 0.0 V versus RHE. However, for a more negative
U, the HER barrier on the S site of CuS (0.5 eV) is lower than
that of Cu;gS (0.8 eV); thus, the HER becomes more
dominant on CuS than Cu,4S as U becomes more negative.

We also note that copper sulfides can transform to copper
oxides under aqueous ammonia and basic conditions.>
However, this degradation of copper sulfides can be overcome
via the introduction of an additive and a post-treatment of the
electrode, which will be reported in the near future.

4. CONCLUSIONS

In summary, to further reproduce the NRR mechanism of
nitrogenase over previous Fe- or Mo-based metal sulfides and
then enhance the NRR performance, Cu, .S (0 < x < 1)
catalysts have been explored, in which a higher number of
active metal sites is intended, considering that Cu can exhibit
an oxidation number as low as 1, leading to a variety of Cu,_,S
structures in contrast to those observed in the Fe- or Mo-based
metal sulfides. Indeed, the Cu,4;S electrocatalyst shows a high
production rate of 2.19 ymol h™' cm?® with a FE of 14.1% at
—0.1 V versus RHE, which is higher than those of other metal
sulfides. DFT calculations demonstrated the key role of the
threefold-coordinate Cu sites in facilitating the activation of N,
molecules, which enabled two reaction paths for the NRR, and
the sites can also stabilize N,H, intermediates during the NRR
process via N—H:--S hydrogen-bonding interactions on the
Cu,_,S surfaces. This study provides us with attractive low-cost
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electrocatalysts for efficient NRR under ambient conditions
and opens up an alternative route to explore transition-metal
sulfides as NRR catalysts for NH; electrosynthesis.
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