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Electrochemical N, reduction to NHs is an emerging energy technology, attracting much attention due to its
features of mild reaction conditions and being non-polluting. In this work, we demonstrate that a well-
defined cobalt tetraphenylporphyrin (CoTPP) molecule as a model catalyst exhibits good electrocatalytic
nitrogen reduction activity in 0.1 M HCl electrolyte with an ammonia yield of 1518 + 0.78 ug h™ mg~c..
calculated by the indophenol blue method and a Faraday efficiency (FE) of 11.43 + 0.74%. The catalyst also
has satisfactory electrolytic stability and recycling test reusability. The activity displayed by the porphyrin
molecular catalysts is attributed to the full exposure of the metal-N, sites. To trace the source of ammonia,
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an isotope labeling experiment (*°N, as the feed gas) is used to calculate the ammonia yield via *H nuclear
magnetic resonance (NMR), which is close to that of the indophenol blue method. In addition, we replace the
central metal to prepare CuTPP and MnTPP, and they also show electrocatalytic nitrogen reduction reaction
(NRR) ability. This work proves the feasibility and versatility of using metalloporphyrin molecules as model
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Introduction

The non-renewability of fossil fuels and global warming are
enormous challenges for the sustainable development of
human society. Developing clean energy, such as hydrogen
energy, is a promising method to solve energy problems."?
Compared with other carriers, ammonia has excellent
hydrogen storage capacity. The mass content of hydrogen is
17.6% in liquid ammonia and ammonia is the only carbon-
free proton carrier that will not release CO, when it is finally
decomposed.”® As the second most important substance,
ammonia (NH;) is commonly used in the production of
fertilizers, pharmaceuticals, and synthetic fibers. In industry,
ammonia is mainly produced by the Haber-Bosch process
which requires high temperature and high pressure (about
400-450 °C, 10-30 MPa), but this process will lead to energy
consumption and greenhouse gas emissions.”'" Therefore,
exploring an efficient, clean and sustainable ammonia
synthesis method is required.

The electrocatalytic nitrogen reduction reaction (NRR)
achieves pollution-free conversion of N, to NH; with
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electrocatalysts for NRR and offers a new strategy for the further development of molecular NRR catalysts.

renewable energy under ambient conditions. Due to its mild
reaction conditions and safe operation, the electrocatalytic
NRR is currently a popular research method for ammonia
synthesis.">"® However, due to the low solubility of N, in
water and the high bond energy of the N=N triple bond, N,
activation is still a great challenge."*™® Both the NRR and
hydrogen evolution reaction (HER) involve a proton coupled
electron transfer process, but the HER has inherently more
favorable kinetics which hinders the rapid progress of the
NRR. As a result, the electrocatalytic NRR usually suffers
from relatively low ammonia yield and Faraday efficiency
(FE)."7' Excitingly, various NRR electrocatalysts have been
reported to effectively address the above problems, including
noble-metal catalysts (Ru, Au, Pt, Ir, etc.),”*>* transition-
metal compound catalysts (V,03/C, Nb,Os, M0,C/C, N-NiO,
CaCoOy, etc.)”®? and metal-free catalysts (boron-doped
graphene, nitrogen-doped porous carbon, Cl-doped
graphdiyne, etc.).**** Although the commonly used noble
metal and noble metal oxide electrocatalysts have excellent
performance, their scarcity and hign cost have limited their
application to a certain extent. Metal-based electrocatalysis
also suffers from low selectivity, and the Faraday efficiency is
often less than 10%. Moreover, the mechanism and reaction
intermediates in the NRR process cannot be accurately
studied because of non-defined structure in these catalysts.
Therefore, there is an urgent need to find defined structure,
high selectivity and cost-effective alternatives.
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Molecular catalysts have been widely wused in
electrochemical energy conversion, such as the oxygen
reduction reaction, CO, reduction reaction, and NRR,
because of the tunability of their electronic structure to
clarify the structure-activity relationship.**™” Porphyrin
molecules with highly delocalized electrons and uniform
electron density are widely distributed in nature. The stable
coordination environment and the diversity of central metals
in metal-porphyrin achieve efficient electron and energy
transfer, so they have been used in chemical sensing,
catalysis, and photosensitive materials.>®** Metal-porphyrin
is an atom-dispersed single-atom molecular electrocatalyst
with maximum atom utilization efficiency, which can greatly
reduce metal consumption. Most transition metals have
incompletely filled orbitals that can provide or accept
electrons, which makes them more suitable for N, activation.
Meanwhile, the fully exposed metal-N, sites in
metalloporphyrins are beneficial to N, adsorption. However,
there are few studies on the application of metal-porphyrin
molecules in the electrocatalysis NRR.

Here, CoTPP molecules with well-defined Co-N, sites
exhibit good NRR electrocatalytic activity, the ammonia yield
reaches 15.18 + 0.78 pg h™" mg ', and FE is 11.43 + 0.74%
at —0.3 V vs. RHE in 0.1 M HCI electrolyte. The comparison
with H,TPP molecules confirms the importance of the metal-
N, site for the NRR. The long-term electrolytic test and cycle
test prove the stability and durability of the catalyst. We also
used an isotope labeling experiment (*°N, as the feeding gas)
and '"H NMR method to detect and calculate the ammonia
yield, the result matches the data calculation by the
indophenol blue method. In order to further illustrate the
feasibility of metalloporphyrins as NRR model molecular
electrocatalysts, the central metal of porphyrin was further
extended to other transition metals, thereby synthesizing
CuTPP and MnTPP. Experimental results show that they also
show good electrocatalytic activity.

Results and discussion

Metal-tetraphenylporphyrin (MTPP) was synthesized by a
simple method. The successful coordination of the metal with
tetraphenylporphyrin was confirmed by FT-IR (Fig. S1t). The
peaks at 3321 em " and 962 cm™ belong to N-H stretching
vibration and bending vibration of the porphyrin ligand,
respectively. When the metal replaces the H in the ring and
coordinates with the ligand, these two peaks weaken or
disappear. A new peak at about 1000 cm™" was detected in the
MTPP, which was due to the strengthening of the ring vibration
(caused by the metal ion entering the porphyrin ring).***>

The scanning electron microscopy (SEM) images and the
transmission electron microscopy (TEM) images in Fig. 1
show the nanostripe morphology of CoTPP molecules, the
width of the nanostripe is about 100 nm. The
nanomorphology and uniform size distribution of CoTPP
molecules increase the active surface area and facilitate the
adsorption of N,. X-ray photoelectron spectroscopy (XPS)
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Fig. 1 (a and b) SEM images of CoTPP. (c and d) TEM images of
CoTPP. (e and f) TEM images and the corresponding elemental
mapping image of CoTPP.

characterization was performed, and the results confirmed
the successful synthesis of COTPP (Fig. S2+).

Electrochemical NRR experiments were performed in 0.1 M
HCI electrolyte using an H-shape electrochemical cell. Acidic
electrolytes can provide more protons and promote the
hydrogenation process of nitrogen. A Nafion-115 membrane
was used to separate the anode and cathode compartments,
each compartment containing 50 mL of electrolyte (Fig. S3t).
CoTPP was coated on carbon paper (mass load: 1 mg cm™) as
the working electrode, while the Ag/AgCl electrode and graphite
rod worked as the reference electrode and the counter
electrode, respectively. The N, gas or Ar gas flowed into 0.1 M
KOH solution, 0.1 M KMnO, solution and 0.1 M HCI solution
in advance for purification to ensure that no N-containing
impurities in the gas enter the electrolyte. After 2 h of
electrolysis, the produced ammonia was detected and
quantified by the indophenol blue method*® and isotope
labeling experiment method (*’N, as the feeding gas),
respectively. Possible by-product N,H, was detected and
quantified by the method of Watt and Chrisp.*” Corresponding
calibration curves are presented in Fig. S4-S6.}

During the electrocatalytic NRR process, high-purity feed
gas (N, gas or Ar gas) was continuously passed into the
electrolyte to ensure gas saturation. The linear scanning
voltammetry (LSV) curves of CoTPP in Ar and N, saturated
environments are shown in Fig. 2a. Obviously, the current
density obtained in the N,-saturation state is higher, which
confirms the NRR activity of the CoTPP. After 2 h of
electrolysis, the chronoamperometry curves at potentials
from -0.1 V to —0.5 V vs. RHE are shown in Fig. 2b. The
constant current density over time indicates that the CoTPP
catalyst has good durability during the NRR test. Fig. 2c
shows UV-vis absorption spectra for the determination of
ammonia content using the indophenol blue method after 2
h of potentiostatic electrolysis, and the maximum absorption
intensity at a wavelength of 655 nm at -0.3 V vs. RHE,
indicating the highest ammonia yield at this potential. The
average ammonia yield and Faraday efficiency for three tests
were calculated and are plotted in Fig. 2d, the ammonia yield

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 (a) Linear-sweep voltammetric curves of the CoTPP in N,-
saturated (red line) and Ar-saturated (black line) 0.1 M HCl aqueous
electrolyte with a scan rate of 5 mV s (b) Chronoamperometric
curves of CoTPP for the NRR at different applied potentials. (c) UV-vis
absorption spectra of electrolytes stained with an indophenol indicator
under different applied potentials for the NRR. (d) Average ammonia
yield (left y-axis) and Faraday efficiency (right y-axis) for three tests of
CoTPP at different potentials.

and Faraday efficiency reach their maximum values, 15.18 +
0.78 pug h™ mg™". and 11.43 + 0.74% at —0.3 V vs. RHE,
respectively (the values of the three experiments are shown in
Fig. S7f). Under the same conditions, CoTPP exhibits
superior electrocatalytic NRR performance to H,TPP (Fig. 3a),
which is attributed to the Co-N, sites formed by the
introduction of Co atoms, and the sites facilitate the
adsorption and activation of N,. The performance of CoTPP
molecular NRR electrocatalysts is also comparable to most
molecular and non-noble metal NRR electrocatalysts (Table
S1f). Furthermore, compared to ammonia production, the
production of hydrazine is negligible (Fig. 3b).

A series of control experiments at —0.3 V vs. RHE were
conducted to verify that the source of NH; was generated via
the electrocatalytic reduction of nitrogen by CoTPP. First, we
used the indophenol blue method to detect the 0.1 M HCI
electrolyte and found a small amount of NH,', and measured
the corresponding absorbance by UV-vis absorption
spectroscopy. This explains the inevitable NH; background in
the electrolyte, which is consistent with previously reported
studies.*®*° Then we conducted the following experiments: (a)
the catalyst was electrolyzed in Ar-saturated electrolyte for 2 h;
(b) the catalyst was electrolyzed in N,-saturated electrolyte at
open circuit potential (OCP) for 2 h; (c) bare carbon paper
without a catalyst was electrolyzed in Nj-saturated electrolyte
for 2 h. The UV-vis absorption spectra (Fig. 3c) of the control
experiments show only weak signals, which is consistent with
the measured data of pure electrolytes. In other words, the NH;
generated in the system was mainly derived from the NRR
reaction on the CoTPP catalyst.

The stability of the catalyst is an important indicator for
evaluating the catalytic performance. After 10 h of continuous
electrolysis in N,-saturated electrolyte at —0.3 V vs. RHE
potential, the current density of the chronoamperometry

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 (a) Average ammonia yield and Faraday efficiency of the catalysts
(CoTPP and H,TPP) at -0.3 V vs. RHE in 0.1 M HCI electrolyte. (b) NH3
and N;H,4 yield rates of CoTPP at —0.3 V vs. RHE in 0.1 M HCl electrolyte.
(c) UV-vis absorption spectra of electrolytes stained with an indophenol
indicator under different control experimental conditions.

curve does not change significantly (Fig. 4a), which confirms
that the CoTPP electrocatalyst has long-term stability. During
the 10 h continuous electrolysis process, we sampled every 2
h, the ammonia yield and Faraday efficiency did not change
significantly, = confirming that CoTPP has stable
electrocatalytic activity (Fig. S8 and S9t). Fig. 4b shows five
cycles of testing at —0.3 V vs. RHE. The changes in ammonia
yield and Faraday efficiency are negligible. It further
illustrates that CoTPP is a stable electrocatalyst for the NRR.
XPS reveals that the composition of the catalyst has not
changed after long-term stability testing (Fig. S107). Fig. S117
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Fig. 4 (a) Time-dependent current density curve of CoTPP for 10 h of
electrolysis at -0.3 V vs. RHE. (b) Ammonia yield and Faraday efficiency
after cyclic stability test for 5 cycles. (c) *H NMR spectra of commercial
15/14NH,4Cl samples and the product obtained by using ****N, as the feed
gas. (d) Ammonia yield calculated by the indophenol blue method using
14N, as feed gas and by *H NMR using *°N, as feed gas, respectively.
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shows SEM images of COTPP after 2 h of electrolysis. The
nanostripe morphology is not significantly different from
that before catalysis, indicating the stability of CoTPP as an
NRR molecular electrocatalyst.

To further prove the ability of the CoTPP electrocatalyst
in reducing N, to NH; and ensure the source of ammonia,
we conducted an isotope labeling experiment. After
electrolysis using "N, as the feed gas, the 'H NMR spectra
showed "*NH," triplet coupling, which was well coupled to
the peak of the standard **NH,Cl sample. Under the same
condition, we also used '°N, as the feed gas for electrolysis,
and the 'H NMR spectra showed only '°NH," doublet
coupling (Fig. 4c). The results further suggested that the
appearance of ""NH," was produced by the electrochemical
nitrogen reduction of the CoTPP electrocatalyst. Because the
integrated area of the peak in 'H NMR can directly reflect
the ammonia content, we used "H NMR and a series of
known concentrations of standard '"NH,Cl solution to
quantitatively determine the ammonia yield in the NRR. As
shown in Fig. 4d, the ammonia yield calculated from the
integrated area of the peaks in "H NMR is close to the value
previously calculated by the indophenol blue method. The
coincidence of the two detection methods reveals that
CoTPP is an efficient and stable nitrogen reduction
molecular electrocatalyst.

In order to explore the versatility of molecular
porphyrins as NRR electrocatalysts, CuTPP and MnTPP
were synthesized with a similar reflux method. Their
molecular structure was characterized by FT-IR, as shown
in Fig. S1,f indicating that they have the same
coordination environment. The average ammonia yield of
CuTPP reached a maximum of 10.53 + 6.5 ug h™ mg ™" cac
at —0.3 V vs. RHE (the values of the three experiments are
shown in Fig. S127) and the maximum Faraday efficiency
was 14.97% at -0.1 V vs. RHE (Fig. 5a). The highest
ammonia yield of MnTPP at -0.4 V vs. RHE was 7.98 +
0.8 ug ht mg ', (the values of the three experiments
are shown in Fig. S13t), while the highest Faraday
efficiency was 8.21% at -0.5 V vs. RHE (Fig. 5b). The
time-dependent current density curves of CuTPP and
MnTPP for 10 h of electrolysis (Fig. S14 and S15t) show
that the current density does not change significantly.
These results indicate the feasibility of metalloporphyrin
molecules as model NRR electrocatalysts, which provides a
broader idea for the design of NRR electrocatalysts.
Electrochemical impedance is related to electrocatalytic
kinetics, so we conducted an electrochemical impedance
test of H,TPP and MTPP. Fig. S16f shows that MTPP
exhibits lower impedance, thus higher conductivity and
faster NRR kinetics than H,TPP. Importantly, the superior
activity of CoTPP is attributed to the proper adsorption of
N, and N* intermediates by the Co-N, active site, which
is consistent with the theoretical calculation results in the
known literature.’®> Beyond, the nanostructured CoTPP
increases the number of surface active sites, which further
enhances the electrocatalytic NRR activity.
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Fig. 5 (a) Average ammonia yield (left y-axis) and Faraday efficiency
(right y-axis) for three tests of CuTPP at different potentials. (b)
Average ammonia yield (left y-axis) and Faraday efficiency (right y-axis)
for three tests of MNnTPP at different potentials. (c) NH3 yield rate over
MTPP (M = Co, Cu, Mn) in 0.1 M HCl electrolyte.

Experimental
Materials and measurements

Tetraphenylporphyrin and all other chemicals were
commercially purchased and wused without further
purification. UV-vis spectra were recorded using a Shimadzu
UV-3100PC spectrophotometer. FT-IR was performed using a
Nicolet Magna 560 IR spectrometer with a wavelength range
of 4000-400 cm™, with KBr pellets. 'H NMR spectra were
recorded on a Varian 600 MHz spectrometer. A scanning
electron microscope (Hitachi, SU-70) was used with an
operating voltage of 3 kV and transmission electron
microscopy was carried out on a JEM-2100F (JEOL) electron
microscope. XPS measurement was carried out on a VG
ESCALABMKII, Al-Ka radiation.

Synthesis of metal-tetraphenylporphyrin (MTPP)

The MTPP (Co, Cu and Mn) molecules were synthesized
according to the previous literature®® with appropriate
modification.

1.5 g H,TPP was dissolved in 100 mL DMF to form
solution A, and 0.8 g of the corresponding metal acetate was
dissolved in 30 mL CH3;OH to form solution B. Solution B
was slowly added to solution A and heated at 160 °C for 3 h.
Finally, the mixed solution was poured into 300 mL
deionized water, and then the precipitate was collected by
filtration, washed with deionized water and dried overnight
at 80 °C.

This journal is © The Royal Society of Chemistry 2021
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Electrochemical measurements

All electrochemical data were collected using a Princeton
Electrochemical Workstation (PMC CHS08A) under ambient
conditions. The standard three-electrode system in an
H-shape electrochemical cell equipped with a Nafion 115
membrane was used in electrochemical measurements.
Catalyst coated carbon paper was used as the working
electrode, while the Ag/AgCl electrode and graphite rod
worked as the reference and the counter electrode,
respectively. Before the NRR measurements, the feed gas
flowed into 0.1 M KOH solution, 0.1 M KMnO, solution and
0.1 M HCl solution for purification to ensure no
N-containing impurities in the gas and then high-purity feed
gas was purged to 50 mL 0.1 M HCI electrolyte for at least 30
min. The gas was maintained throughout the electrochemical
measurements. The potentials for this work were converted
to the reversible hydrogen electrode (RHE) to calibrate the
saturated Ag/AgCl electrode using the following formula:

E(vs. RHE) = E(vs. Ag/AgCl) + 0.059 x pH + 0.197 V

Determination of ammonia

The concentration of produced NH; was determined via the
indophenol blue method using UV-vis spectrophotometry. In
detail, 2 mL electrolyte after reaction was taken from the
electrochemical cathodic chamber. This was added into 2 mL 1
M NaOH solution containing 5 wt% salicylic acid and 5 wt%
sodium citrate, and then 1 mL 0.05 M NaClO and 0.2 mL 1 wt%
sodium nitroferricyanide was added to the electrolyte. After
keeping for 2 h at room temperature, the absorption spectra
were measured using an UV-visible spectrophotometer.
Indophenol blue was formed at a wavelength of 655 nm and
absorbance at this wavelength was used to estimate the yield of
ammonia according to the standard curve. The concentration-
absorbance standard curve was calibrated using NH,Cl standard
solution with a series of concentrations of 0, 0.2, 0.4, 0.8 and 1.0
pug mL™ in 0.1 M HCI solution. The fitting curve (y = 0.382x +
0.030, R> = 0.999) shows a good linear relationship of
absorbance value with NH; concentration by three times
independent calibrations to confirm the accuracy of the system.

Determination of hydrazine

N,H, production was spectrophotometrically determined
using the Watt and Chrisp method. A mixed solution of 5.99
g para-(dimethylamino)benzaldehyde (CoH;;NO), 30 mL
concentrated HCI, and 300 mL ethanol was used as the color
reagent. 5 mL electrolyte after reaction was taken from the
electrochemical cathodic chamber and the above 5 mL color
reagent was added. The mixture was kept stirring at room
temperature for 20 min. The absorbance of the solution was
measured at a wavelength of 455 nm, and the yield of N,H,
was evaluated according to the standard curve. The
concentration-absorbance curve was calibrated by the known
of concentrations of hydrated hydrazine solution with a

This journal is © The Royal Society of Chemistry 2021
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series of concentrations of 0, 0.2, 0.4, 0.8 and 1.0 ug mL™" in
0.1 M HCI solution. After three times of independent
calibrations, the calibration curve of N,H, is y = 0.637x +
0.008, R* = 0.999.

Calculations of ammonia yield rate and faradaic efficiency (FE)

The rate of NH; yield was calculated using the following
equation:

NH; yield = (¢ X V)/(17 X t X Mcy)

where ¢ (ug mL™) is the measured NH; concentration, V (mL)
is the volume of the electrolyte, ¢ (h) is the reduction reaction
time and m.,. is the mass of catalyst loading on carbon paper.

The faradaic efficiency for the NRR was defined as the
percentage of the amount of electric charge used for
synthesizing NH; in the total charge passed through the
electrodes during electrolysis. Assuming three electrons were
needed to produce one NH; molecule, the FE in 0.1 M HCI
solution could be calculated as:

FE = 3F x ¢ x V/(17 x Q)

where F (96 500 C mol™) is the Faraday constant, ¢ (ug mL™)
is the measured NH; concentration, V (mL) is the volume of
the electrolyte, and Q (C) is the quantity of applied electricity.

°N, isotope labeling experiment

Isotope labeling experiments use labeled '°N, as the feed gas
to obtain the accurate catalytic performance of CoTPP. The
method for preparing the calibration curve is as follows: (i)
prepare standard ""NH," solutions in 0.1 M HCI at 2.5, 5.0,
10, 25 and 50 ug mL™", respectively. (ii) Take 540 puL “NH,"
solution of each concentration and mix with 60 pL D,O in
the nuclear magnetic tube, and perform 'H NMR
measurement. (iii) Integrate the peak area, and ""NH," has a
positive correlation with the integrated area to obtain a
calibration curve. The reaction solution was mixed with D,O
in proportion to test "H NMR, and the 'H NMR peak area
was obtained by integration, then the ammonia yield was
calculated according to the calibration curve.

Conclusions

In summary, CoTPP with uniform nanostructure is an
efficient and stable electrocatalyst for reducing N, to NH;
under ambient conditions. In addition, we further explored
CuTPP and MnTPP, both of which exhibited good NRR
catalytic  activity. =~ This proves the reliability of
metalloporphyrin molecules as NRR model electrocatalysts,
because molecular catalysts have a well-defined structure and
clear mechanism, which 1is convenient for further
optimization of the catalytic process. The activity of the
metalloporphyrin electrocatalyst is attributable to the full
exposure of the metal-N, sites, which fully adsorbs N, and
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accelerates the N, activation. This work provides more
choices and new ideas for the design of NRR electrocatalysts.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors gratefully acknowledge the financial support
from the National Natural Science Foundation of China (No.
21871042, 21471028 and 21671036), the Changbai Mountain
Scholarship, the Natural Science Foundation of Jilin Province
(No. 20200201083]JC, JJKH20201169K]), and the Natural
Science Foundation of Department of Education of Jilin
Province (JJKH20201169K]).

Notes and references

1

10

L. Li, C. Tang, B. Xia, H. Jin, Y. Zheng and S.-Z. Qiao, Two-
Dimensional Mosaic Bismuth Nanosheets for Highly
Selective Ambient Electrocatalytic Nitrogen Reduction, ACS
Catal., 2019, 9, 2902-2908.

S. Chu and A. Majumdar, Opportunities and challenges for a
sustainable energy future, Nature, 2012, 488, 294-303.

M. Nazemi, S. R. Panikkanvalappil and M. A. El-Sayed,
Enhancing the rate of electrochemical nitrogen reduction
reaction for ammonia synthesis under ambient conditions
using hollow gold nanocages, Nano Energy, 2018, 49,
316-323.

D. J. Little, I. I. I. M. R. Smith and T. W. Hamann,
Electrolysis of liquid ammonia for hydrogen generation,
Energy Environ. Sci., 2015, 8, 2775-2781.

A. Klerke, C. H. Christensen, ]J. K. Ngrskov and T. Vegge,
Ammonia for hydrogen storage: challenges and
opportunities, J. Mater. Chem., 2008, 18, 2304.

G. F. Chen, S. Ren, L. Zhang, H. Cheng, Y. Luo, K. Zhu, L. X.
Ding and H. Wang, Advances in Electrocatalytic N,
Reduction-Strategies to Tackle the Selectivity Challenge,
Small Methods, 2018, 3, 1800337.

C. Yao, Na. Guo, S. Xi, C.-Q. Xu, W. Liu, X. Zhao, J. Li, H.
Fang, J. Su, Z. Chen, H. Yan, Z. Qiu, P. Lyu, C. Chen, H. Xu,
X. Peng, X. Li, B. Liu, C. Su, S. J. Pennycook, C.-J. Sun, J. Li,
C. Zhang, Y. Du and J. Lu, Atomically-precise dopant-
controlled single cluster catalysis for electrochemical
nitrogen reduction, Nat. Commun., 2020, 11, 4389.

M. A. Shipman and M. D. Symes, Recent progress towards
the electrosynthesis of ammonia from sustainable resources,
Catal. Today, 2017, 286, 57-68.

S. Mukherjee, D. A. Cullen, S. Karakalos, K. Liu, H. Zhang, S.
Zhao, H. Xu, K. L. More, G. Wang and G. Wu, Metal-organic
framework-derived nitrogen-doped highly disordered carbon
for electrochemical ammonia synthesis using N, and H,0 in
alkaline electrolytes, Nano Energy, 2018, 48, 217-226.

S. Chen, S. Perathoner, C. Ampelli, H. Wei, S. Abate, B.
Zhang and G. Centi, Direct Synthesis of Ammonia from N,
and H,0O on Different Iron Species Supported on Carbon

2594 | Catal. Sci. Technol,, 2021, 11, 2589-2596

11

12

13

14

15

16

17

18

19

20

21

22

23

24

View Article Online

Catalysis Science & Technology

Nanotubes using a Gas-Phase Electrocatalytic Flow Reactor,
ChemElectroChem, 2020, 7, 3028-3037.

H. Xu, K. Ithisuphalap, Y. Li, S. Mukherjee, J. Lattimer, G.
Soloveichik and G. Wu, Electrochemical ammonia synthesis
through N, and H,O under ambient conditions: Theory,
practices, and challenges for catalysts and electrolytes, Nano
Energy, 2020, 69, 104469.

S. Mukherjee, X. Yang, W. Shan, W. Samarakoon, S.
Karakalos, D. A. Cullen, K. More, M. Wang, Z. Feng, G.
Wang and G. Wu, Atomically Dispersed Single Ni Site
Catalysts for Nitrogen Reduction toward Electrochemical
Ammonia Synthesis Using N, and H,O, Small Methods,
2020, 4, 1900821.

Y. Li, H. Wang, C. Priest, S. Li, P. Xu and G. Wu, Advanced
Electrocatalysis for Energy and Environmental Sustainability
via Water and Nitrogen Reactions, Adv. Mater.,
2020, €2000381.

M. D. Fryzuk, J. B. Love, S. J. Rettig and V. G. Young,
Transformation of Coordinated Dinitrogen by Reaction with
Dihydrogen and Primary Silanes, Science, 1997, 275,
1445-1447.

A. J. Medford and M. C. Hatzell, Photon-Driven Nitrogen
Fixation: Current Progress, Thermodynamic Considerations,
and Future Outlook, ACS Catal., 2017, 7, 2624-2643.

M.-A. Légaré, G. Bélanger-Chabot, R. D. Dewhurst, E. Welz, 1.
Krummenacher, B. Engels and H. Braunschweig, Nitrogen
fixation and reduction at boron, Science, 2018, 359, 896-900.
X. Chen, N. Li, Z. Kong, W.J. Ong and X. Zhao,
Photocatalytic fixation of nitrogen to ammonia: state-of-the-
art advancements and future prospects, Mater. Horiz.,
2018, 5, 9-27.

M. Wang, S. Liu, T. Qian, J. Liu, J. Zhou, H. Ji, J. Xiong, ]J.
Zhong and C. Yan, Over 56.55% Faradaic efficiency of
ambient ammonia synthesis enabled by positively shifting
the reaction potential, Nat. Commun., 2019, 10, 341.

R. Shi, J. Wang, Z. Wang, T. Li and Y.-F. Song, Unique NiFe
NiCoO, hollow polyhedron as bifunctional electrocatalysts
for water splitting, J. Energy Chem., 2019, 33, 74-80.

S. Lu, D. H. Lee and C. Liu, Modeling of Electrocatalytic
Dinitrogen Reduction on Microstructured Electrodes, Small
Methods, 2018, 3, 1800332.

L. Hu, Z. Xing and X. Feng, Understanding the
Electrocatalytic Interface for Ambient Ammonia Synthesis,
ACS Energy Lett., 2020, 5, 430-436.

H. Tao, C. Choi, L.-X. Ding, Z. Jiang, Z. Han, M. Jia, Q. Fan,
Y. Gao, H. Wang, A. W. Robertson, S. Hong, Y. Jung, S. Liu
and Z. Sun, Nitrogen Fixation by Ru Single-Atom
Electrocatalytic Reduction, Chem, 2019, 5, 204-214.

J. Nash, X. Yang, J. Anibal, J. Wang, Y. Yan and B. Xu,
Electrochemical Nitrogen Reduction Reaction on Noble
Metal Catalysts in Proton and Hydroxide Exchange
Membrane Electrolyzers, J. Electrochem. Soc., 2017, 164,
1712-1716.

D. Bao, Q. Zhang, F. L. Meng, H. X. Zhong, M. M. Shi, Y.
Zhang, J. M. Yan, Q. Jiang and X. B. Zhang, Electrochemical
Reduction of N, under Ambient Conditions for Artificial N,

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1cy00022e

Published on 28 January 2021. Downloaded by University of California- Santa Barbara on 5/15/2021 8:22:49 PM.

Catalysis Science & Technology

25

26

27

28

29

30

31

32

33

34

35

36

37

38

Fixation and Renewable Energy Storage Using N, /NH; Cycle,
Adv. Mater., 2017, 29, 1604799.

R. Zhang, J. Han, B. Zheng, X. Shi, A. M. Asiri and X. Sun,
Metal-organic framework-derived shuttle-like V,0;/C for
electrocatalytic N, reduction under ambient conditions,
Inorg. Chem. Front., 2019, 6, 391-395.

W. Kong, Z. Liu, J. Han, L. Xia, Y. Wang, Q. Liu, X. Shi, Y.
Wu, Y. Xu and X. Sun, Ambient electrochemical N,-to-NH;
fixation enabled by Nb,Os; nanowire array, Inorg. Chem.
Front., 2019, 6, 423-427.

H. Cheng, L. X. Ding, G. F. Chen, L. Zhang, J. Xue and H.
Wang, Molybdenum Carbide Nanodots Enable Efficient
Electrocatalytic ~ Nitrogen  Fixation under  Ambient
Conditions, Adv. Mater., 2018, 30, e1803694.

X. H. Wang, J. Wang, Y. B. Li and K. Chu, Nitrogen-Doped
NiO Nanosheet Array for Boosted Electrocatalytic N,
Reduction, ChemCatChem, 2019, 11, 4529-4536.

X. Chen, K. Li, X. Yang, J. Lv, S. Sun, S. Li, D. Cheng, B. Li, Y.-G.
Li and H.Y. Zang, Oxygen vacancy engineering of calcium
cobaltate: A nitrogen fixation electrocatalyst at ambient
condition in neutral electrolyte, Nano Res., 2020, 14, 501-506.

J. Deng and C. Liu, Boron-Doped Graphene Catalyzes
Dinitrogen Fixation with Electricity, Chem, 2018, 4,
1773-1774.

C. Zhao, S. Zhang, M. Han, X. Zhang, Y. Liu, W. Li, C. Chen,
G. Wang, H. Zhang and H. Zhao, Ambient Electrosynthesis
of Ammonia on a Biomass-Derived Nitrogen-Doped Porous
Carbon Electrocatalyst: Contribution of Pyridinic Nitrogen,
ACS Energy Lett., 2019, 4, 377-383.

X. Yang, K. Li, D. Cheng, W.-L. Pang, J. Lv, X. Chen, H.-Y.
Zang, X.-L. Wu, H.-Q. Tan, Y.-H. Wang and Y.-G. Li,
Nitrogen-doped porous carbon: highly efficient trifunctional
electrocatalyst for oxygen reversible catalysis and nitrogen
reduction reaction, /. Mater. Chem. A, 2018, 6, 7762-7769.

H. Zou, W. Rong, B. Long, Y. Ji and L. Duan, Corrosion-
Induced  Cl-Doped  Ultrathin  Graphdiyne  toward
Electrocatalytic Nitrogen Reduction at Ambient Conditions,
ACS Catal., 2019, 9, 10649-10655.

D. Yang, S. Zuo, H. Yang, Y. Zhou and X. Wang,
Freestanding Millimeter-Scale Porphyrin-Based Monoatomic
Layers with 0.28 nm Thickness for CO, Electrocatalysis,
Angew. Chem., Int. Ed., 2020, 59, 18954-18959.

I. Liberman, R. Shimoni, R. Ifraemov, I. Rozenberg, C. Singh
and I. Hod, Active-Site Modulation in an Fe-Porphyrin-Based
Metal-Organic ~ Framework  through  Ligand  Axial
Coordination: Accelerating Electrocatalysis and Charge-
Transport Kinetics, J. Am. Chem. Soc., 2020, 142, 1933-1940.

C. He, Z.-Y. Wu, L. Zhao, M. Ming, Y. Zhang, Y. Yi and J.-S. Hu,
Identification of FeN, as an Efficient Active Site for
Electrochemical N, Reduction, ACS Catal., 2019, 9, 7311-7317.
F. Xu, L. Zhang, X. Ding, M. Cong, Y. Jin, L. Chen and Y.
Gao, Selective electroreduction of dinitrogen to ammonia on
a molecular iron phthalocyanine/O-MWCNT catalyst under
ambient conditions, Chem. Commun., 2019, 55, 14111-14114.
A. S. Weingarten, R. V. Kazantsev, L. C. Palmer, M.
McClendon, A. R. Koltonow, A. P. S. Samuel, D. ]J. Kiebala,

This journal is © The Royal Society of Chemistry 2021

40

41

42

43

44

45

46

47

48

49

50

51

View Article Online

Paper

M. R. Wasielewski and S. I. Stupp, Self-assembling hydrogel
scaffolds for photocatalytic hydrogen production, Nat.
Chem., 2014, 6, 964-970.

X. Yang, S. Sun, L. Meng, K. Li, S. Mukherjee, X. Chen, ]J. Lv,
S. Long, H.-Y. Zang, L.-K. Yan and G. Wu, Molecular single
iron site catalysts for electrochemical nitrogen fixation
under ambient conditions, Appl. Catal., B, 2021, 285, 119794.
Y. Liu, L. Wang, H. Feng, X. Ren, J. Ji, F. Bai and H. Fan,
Microemulsion-Assisted Self-Assembly and Synthesis of Size-
Controlled  Porphyrin  Nanocrystals with ~ Enhanced
Photocatalytic Hydrogen Evolution, Nano Lett., 2019, 19,
2614-26109.

J. Kesters, P. Verstappen, M. Kelchtermans, L. Lutsen, D.
Vanderzande and W. Maes, Porphyrin-Based Bulk
Heterojunction Organic Photovoltaics: The Rise of the
Colors of Life, Adv. Energy Mater., 2015, 5, 1500218.

Y.-C. Qiu, S. Yuan, X.-X. Li, D.-Y. Du, C. Wang, J.-S. Qin, H. F.
Drake, Y.-Q. Lan, L. Jiang and H.-C. Zhou, Face-Sharing
Archimedean Solids Stacking for the Construction of Mixed-
Ligand Metal-Organic Frameworks, J. Am. Chem. Soc.,
2019, 141, 13841-13848.

Q. Huang, J. Liu, L. Feng, Q. Wang, W. Guan, L.-Z. Dong, L.
Zhang, L.-K. Yan, Y.-Q. Lan and H.-C. Zhou, Multielectron
transportation of polyoxometalate-grafted metalloporphyrin
coordination  frameworks for selective = CO,-to-CH,
photoconversion, Natl. Sci. Rev., 2019, 7, 53-63.

Y. Huang, C. Wu, W. Yuan, Y. Xia, X. Liu, H. Yang and H.
Wang, Catalytic Aerobic Oxidation of Biomass-based Furfural
into Maleic Acid in Aqueous Phase with Metalloporphyrin
Catalysts, J. Chin. Chem. Soc., 2017, 64, 786-794.

J. Jeong, R. Satish Kumar, M. Naveen and Y.-A. Son,
Synthesis, thermochromic, solvatochromic and axial ligation
studies of Zn-porphyrin complex, Inorg. Chim. Acta,
2018, 469, 453-460.

D. Zhu, L. Zhang, R. E. Ruther and R. J. Hamers, Photo-
illuminated diamond as a solid-state source of solvated
electrons in water for nitrogen reduction, Nat. Mater.,
2013, 12, 836-841.

G. W. Watt and J. D. Chrisp, Spectrophotometric Method for
Determination of Hydrazine, Anal. Chem., 1952, 24, 2006-2008.
Y. Fu, K. Li, M. Batmunkh, H. Yu, S. Donne, B. Jia and T.
Ma, Unsaturated p-Metal-Based Metal-Organic Frameworks
for Selective Nitrogen Reduction under Ambient Conditions,
ACS Appl. Mater. Interfaces, 2020, 12, 44830-44839.

J. Han, X. Ji, X. Ren, G. Cui, L. Li, F. Xie, H. Wang, B. Li and
X. Sun, MoO; nanosheets for efficient electrocatalytic N,
fixation to NHj, J. Mater. Chem. A, 2018, 6, 12974-12977.

Z. W. Seh, ]. Kibsgaard, C. F. Dickens, I. Chorkendorff, J. K.
Norskov and T. F. Jaramillo, Combining theory and
experiment in electrocatalysis: Insights into materials
design, Science, 2017, 355, eaad4998.

E. Skulason, T. Bligaard, S. Gudmundsdottir, F. Studt, J.
Rossmeisl, F. Abild-Pedersen, T. Vegge, H. Jonsson and J. K.
Norskov, A theoretical evaluation of possible transition
metal electro-catalysts for N, reduction, Phys. Chem. Chem.
Phys., 2012, 14, 1235-1245.

Catal. Sci. Technol., 2021, 11, 2589-2596 | 2595


https://doi.org/10.1039/d1cy00022e

Published on 28 January 2021. Downloaded by University of California- Santa Barbara on 5/15/2021 8:22:49 PM.

Paper

52 S. Jie, C. Yang, Y. Chen and Z. Liu, Facile synthesis of ultra-
stable Co-N-C catalysts using cobalt porphyrin and peptides

2596 | Catal Sci. Technol, 2021, 11, 2589-2596

View Article Online

Catalysis Science & Technology

as precursors for selective oxidation of ethylbenzene, Mol
Catal., 2018, 458, 1-8.

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1cy00022e

	crossmark: 


