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In Situ Synthesis of Cu, O/N Doped Graphdiyne with
Pyridine N Configuration for Ammonia Production via

Nitrate Reduction

Jian Li,* Roberto Valenza, and Sophia Haussener*

Electroreduction of nitrate to ammonia provides an interesting pathway for
wastewater treatment and valorization. Cu-based catalysts are active for the
conversion of NO;~ to NO,~ but suffer from an inefficient hydrogenation
process of NO,~. Herein, Cu,O/N-doped graphdiyne (Cu,O/N-GDY) with
pyridine N configuration are in situ prepared in one pot. Benefiting from the
synergistic effect of pyridinic N in GDY and Cu, O, the prepared Cu,O/N-GDY
tested in a commercial H-cell achieved a faradaic efficiency of 85% toward
NH; at -0.5 V versus RHE with a production rate of 340 pmol h~' mg_,,~" in
0.1 M KNO,. When integrating the Cu,O/N-GDY in an anion exchange
membrane flow electrolyzer, a maximum Faradaic efficiency of 89% is
achieved at a voltage of 2.3 V and the production rate is 1680 umol

h=" mg_,~" at 3.3 Vin 0.1 M KNO, at room temperature. Operation at 40 °C
further promoted the overall reaction kinetics of NO;~ to NH;, but penalized
its selectivity with respect to hydrogen evolution reaction. The high selectivity
and production rate in this device configuration demonstrate its potential for

energy (945 kJ mol™') and low water sol-
ubility (Henry’s constant 0.62 mM bar™!
at 25 °C), nitrate (NO;7) is considered
an attractive nitrogen precursor for NH,
electrosynthesis because of its low dis-
sociation energy of the N = O bond
(204 kJ mol™!), high water solubility
(3.8 M at 25 °C as KNO,) and wide dis-
tribution as pollutant in wastewater.*]

As the conversion of NO, -to-NH; in-
volves a complex nine-proton coupled eight-
electron transfer and multiple reaction
pathways, the precise design of selective cat-
alysts toward NH, is challenging. Noble-
metal-based catalysts, especially ruthenium
oxides/alloys, have shown great promise in
nitrate reduction (NO;RR),®! but the low
abundance and high price severely restrict

industrial application.

1. Introduction

Ammonia is an important energy carrier and fertilizer feedstock
for many industries and household chemicals.l'!! Currently, the
large-scale production of ammonia is predominantly achieved by
the energy- and capital-intensive Haber—Bosch process, which
consumes 1% of the total energy production and results in 1.4%
of the global CO, emissions.[?] Electrocatalytic ammonia produc-
tion by using N-containing species has recently attracted great in-
terest owing to the mild conditions and high compatibility with
renewable electricity.’] Compared to N, with high dissociation
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their large-scale application (Figure S1 and
Table S1, Supporting Information). Copper-
based materials have recently appeared at
the forefront of NO;RR due to the high
abundance, strong adsorption of NO,~, and favorable conversion
from NO;-to-NO, .1l Nevertheless, the sequential hydrogena-
tion process of NO,™ under the assistance of Cu is poor due to
the weak adsorption of active hydrogen atom (H*),I”] which leads
to a low selectivity and activity toward NH;. Therefore, develop-
ing novel Cu-based catalysts that couple the favorable conversion
of nitrate to nitrite and the facilitation of subsequent hydrogena-
tion is necessary.

Hybridizing transition metals with heteroatom-doped carbon
materials, especially N-doping, has been demonstrated to pro-
mote the production of *H and to accelerate the indirect elec-
trochemical hydrogenation reduction process with *H, which
thus synergistically promotes the activity and selectivity toward
NH,;.®l Notably, the facilitation of the hydrogenation process
closely depends on the configuration of doped N atoms, and the
pyridinic N atoms are demonstrated as the most effective ones
among pyridinic, pyrrolic, and graphitic N species.”) However,
for widely researched carbon materials (e.g., graphene, carbon
nanotube and fullerene), it is difficult to selectively dope a suf-
ficient amount of site-specific pyridinic N. Graphdiyne (GDY),
constituted by periodic motifs within the plane framework of
sp- and sp?-carbon atoms, possesses tunable electronic struc-
tures, superior electrical conductivity and uniformly expanded
pores, which enable kinetically efficient electron/mass transport
along in-plane and out-plane directions.['”) Most importantly, the
bottom-up synthesis methods of GDYs provide an ideal solution
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http://www.small-journal.com
mailto:jian.li@epfl.ch
mailto:sophia.haussener@epfl.ch
https://doi.org/10.1002/smll.202310467
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsmll.202310467&domain=pdf&date_stamp=2024-03-29

ADVANCED
SCIENCE NEWS

Juill

www.advancedsciencenews.com

to achieve sufficient controllable N atom doping via a monomer-
design strategy.['!]

H-cells commonly used for characterizing NO,RR catalysts
cannot reproduce the operating conditions of industrially rele-
vant devices due to the mass transport limitation of their de-
sign. Flow electrolyzers can instead reach higher current densi-
ties through a continuous circulation of reactants. The catalysts
for NO;RR integrated into flow electrolyzers were nevertheless
very few (Table S2, Supporting Information), although this device
configuration represents the state of the art for water splitting!!2!
and was intensively investigated for CO, reduction!’®) and flow
batteries.!**!

In this work, we initiated a straightforward and effective
approach to prepare Cu,O/N-GDY catalysts with dominant
pyridine-N configuration in one pot. The content of pyridine-
N was determined as high as 80%, which was never achieved
in previous N-doped carbon materials. Pyridinic N in GDY and
Cu,O synergistically allowed to achieve NH, faradaic efficien-
cies greater than 85% both in a commercial H-cell and an an-
ion exchange membrane (AEM) flow electrolyzer. The effects
of nitrate concentration (from 0.001 to 1 M), temperature (25
to 40 °C), and flowfield geometry (single serpentine or inter-
digitated) on activity and selectivity toward NH, were investi-
gated to identify the best operating conditions. At room tempera-
ture, the faradaic efficiency and production rate reached 93% and
1950 ymol h~' mg_, ! with a voltage of 3.3 Vin 1 M KNO;, which
was the best performance reported in electrolyzer configuration,
demonstrating its industrial scale-up potential.

2. Results and Discussion

Cu,O/N-GDY powder was prepared in one pot by using
CuCl, DMF, and pentakis|(trimethylsilyl)ethynyl]pyridine (N-
HEB-TMS) as the catalyst, solvent, and monomer, respectively.
In brief, N-HEB-TMS and CuCl with a molar ratio of 1:1 were
added into a closed reaction bottle containing DMF. After react-
ing for 24 h (60 °C) in the presence of air, the product precipi-
tated at the bottom of the bottle (Figure 1a). The prepared solid
was then collected by centrifugation and washed consecutively
with DMF, THF, and water. UV-vis absorption and Raman spec-
troscopy were used to study the chemical structure of the powder.
Compared to the UV—visible spectrum of the monomer, a no-
ticeable bathochromic shift was observed in the prepared powder
(Figure 1b). Such redshift indicated the enhanced electron delo-
calization by the extended z-conjugated system, confirming the
successful formation of the conjugated diacetylenic linkages.!*>!
The Raman spectrum showed three prominent bands. The peaks
located at 1391.2 and 1568.5 cm™! were assigned to the D band
and G band in aromatic rings, respectively. The vibration of the
conjugated diyne linkage (-C=C-) was confirmed at 2179.8 cm™!
(Figure 1c). X-ray photoelectron spectroscopy (XPS) and X-ray
diffraction (XRD) were further carried out to study the chemi-
cal composition, state, and bonds of the prepared powder. The
XPS general survey showed that the prepared sample mainly
contained elements C, N, O, and Cu (Figure S2, Supporting In-
formation). In detail, the high-resolution spectrum of C 1s can
be deconvoluted into five bonds, corresponding to sp? (C = C)
at 284.5 eV, sp (C=C) at 285.2 eV, C = O at 288.5 eV, C-O at
287.0eV, C =N at 286.2 eV, respectively (Figure 1d). For the high-
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resolution spectrum of N, three subpeaks could be detected, in-
cluding pyridinic N (399.7 eV), imine N (398.6 eV), and proto-
nated pyridine N (402.0 eV) (Figure 1le). The protonated pyridine
N may derive from the pyridinic N interacting with the neigh-
bor carboxyl groups, as the exposed acetylenic groups on the sur-
face will be oxidized in air."'"! Notably, the ratio of pyridinic N
is ~80%, confirming the dominant configurations of pyridinic N
in the sample. The high-resolution XPS spectrum of the Cu 2p
showed that the main copper species was Cu?* (934.65 €V), ac-
companied by a small amount of Cu* (932.70 eV) (Figure 1f).
A diffraction peak at 22° in the XRD spectra was assigned to
the (002) plane of graphite-type carbon (Figure 1g), indicating
the distortion from the ordered arrangement of N-GDY along its
stacking direction. The peaks located at 38.9° and 61.5° corre-
sponded to the (200) and (—113) crystalline planes of monoclinic
CuO (PDF: 80-1917). The amount of Cu was further determined
as 9.5% by using inductively coupled plasma mass spectrometry
(ICP-MS). All the results above indicated the successful synthesis
of Cu,O/N-GDY with dominant pyridinic N configuration.

The morphology and composition of the as-prepared powder
were then characterized by transmission electron microscopy
(TEM). A dense distribution of nanoparticles loaded on N-GDY
was clearly observed (Figure 2a). Electron energy loss spec-
troscopy (EELS) mapping of the selected region displayed a uni-
form distribution of Cu, N, O, and C elements, further suggesting
the existence of Cu species in the powder (Figure 2b). The high-
resolution TEM (HRTEM) micrograph revealed that the nanopar-
ticles exhibited a crystal phase, which can be assigned to the mon-
oclinic phase (space group = Clc1) witha =4.6893 Ab=3.4268 A
and ¢ = 5.1321 A. The lattice fringe distances were measured to
be 0.253,0.236, and 0.239 nm, corresponding to (11-1), (111), and
(002) planes of monoclinic CuO (Figure 2c).

Electrochemical nitrate reduction of Cu,O/N-GDY was first
tested in a commercial H-cell under ambient conditions in 0.1 M
KOH solution containing 0.1 M KNO;. The Cu,O/N-GDY was
deposited onto a carbon paper electrode with a fixed catalyst mass
loading of 0.4 mg cm~2. The linear sweep voltammetry (LSV)
with and without KNO, was performed to study the activity of
Cu,O/N-GDY toward NO;RR. Compared to the electrolyte with-
out NO,, the enhanced current density indicated the effective
reduction of NO;~ by the Cu,O/N-GDY (Figure 3a). The selec-
tivity of products was further confirmed by holding a certain po-
tential each time for 0.5 h, in which the produced NH; products
were quantified by UV-Vis spectroscopy (Figure S3, Supporting
Information). As shown in Figure 3D, the Cu,O/N-GDY displayed
an improved selectivity with the decreased potential and reached
an optimal faradaic efficiency of 85% at —0.5 V versus RHE with
a production rate of 340 pmol h™! mg_,~!. A further decrease
in the potential slightly reduced the selectivity toward NH, due
to the enhanced H, selectivity.[®*1¢] Unlike the faradic efficiency,
the production rate and partial current density of NH, gradually
increased when applying a more negative potential, generating a
production rate of 620 pmol h~! mg_,,~! at —0.7 V versus RHE
despite a reduction of faradaic efficiency to 77% (Figure 3d). As a
comparison, the bare carbon paper electrode, N-GDY/carbon pa-
per electrode, and Cu,O/GDY/carbon paper electrode were pre-
pared and tested under the same conditions (Figure 3c,d). The
bare carbon paper electrode without Cu,O/N-GDY showed neg-
ligible activity and selectivity toward NH;. In the absence of
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Figure 1. In situ preparation of Cu,O/N-GDY in one pot and the characterizations. a) Simplified schematic diagram of synthesis of Cu,O/N-GDY with
pyridine N configuration; b) UV-Vis spectrum of monomer and N-GDY; c¢) Raman spectrum of N-GDY; d) high-resolution C 1s spectrum; e) high-
resolution N 1s spectrum and f) high-resolution Cu 2p spectrum of Cu,O/N-GDY; g) XRD spectrum of Cu,O/N-GDY.

either Cu,O or N, both the selectivity and activity toward NH,
decreased remarkably. These results indicated that the synergis-
tic effect between pyridinic N in GDY and Cu, O played a crucial
role in achieving a high selectivity and activity toward NH;, which
was further confirmed by the reduction of the charge transfer
resistance in the electrochemical impedance spectroscopy (EIS)
(Figure S4, Supporting Information). In addition, a direct com-
parison with a commercial Cu foil was carried out. Compared to
commercial Cu foil, the Cu,O/NGDY exhibited much higher se-
lectivity and production rate toward NH, over a wide potential
range (Figure S5, Supporting Information), further confirming
the high selectivity and activity of Cu,O/NGDY toward NH;.
The main byproduct of nitrate reduction of Cu,O/N-GDY was
NO," asdetected and quantified by UV-Vis spectroscopy (Figure
S6, Supporting Information). The FE of NO,™ was determined
as 30% at —0.3 V versus RHE, followed by a gradual decrease
to a minimum of 4% at —0.7 V versus RHE (Figure 3b). Such a
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trend is associated with the increased selectivity toward NH;, con-
firming that NO, ™ is an intermediate product that can be further
reduced to NH, under more negative potential. H, as another
side product was further confirmed by gas chromatography. To
confirm that the produced NH; was derived from NO, ions, 'H
NMR experiment was performed by using N-labeled NO,™ as a
reactant. Only two peaks corresponding to "'NH,* were clearly
observed after 0.5 h of electrolysis under —0.5 V versus RHE
(Figure 3e).

When increasing the experiment duration, the peak intensity
of "NH,* was enhanced and no other peaks appeared, indicat-
ing that the generated NH; came from the reduction of nitrate
instead of the N in N-GDY or contaminants. Based on the NMR
peak areas ratio between "'NH,* and maleic acid in electrolysis
tests and the calibration curve of "NH,* (Figure S7, Support-
ing Information), the FE of NH; was determined as 83%, con-
sistent with the results of UV-Vis spectroscopy. In addition, the
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Figure 2. TEM of the as-prepared Cu,O/N-GDY. a) HAADF STEM image and b) the corresponding EELS mapping of the selected red-squared region of
Cu, O/N-GDY; c) HRTEM image of CuO in N-GDY, magpnification of the yellow-squared region, and its corresponding indexed power spectrum (FFT).

performance of Cu,O/N-GDY with different NO,~ concen-
trations ranging from 0.001 to 1.0 M was further evaluated
(Figure 3f). The FEs and production rate of NH, greatly de-
creased when reducing the concentration to 0.01 or 0.001 M.
For 1.0 M NO;~, the maximum of NH; faradaic efficiency
shifted to more negative potentials, reaching 87% at —0.7 versus
RHE.

To detect the intermediates and monitor the mechanism, in
situ ATR-FTIR spectra were carried out. The ATR-FTIR spec-
trum was recorded in 1 M KOH solution containing 0.1 M KNO,
and the signal was collected from 1000 to 4000 cm~!. As shown
in Figure S8, the peaks observed were assigned to different
nitrogen intermediates. The peak located at 1290 cm™ corre-
sponded to the *NO,~ stretching mode,'”] indicating the pres-
ence of deoxygenation steps during NO,~ reduction. Addition-
ally, the o (N—H) bending mode of NH, species was observed
at 1650 cm™1'7] the characteristic peaks of *NH, were de-
tected at 3210 and 1150 cm™;% and the peak at 1460 cm™
was attributed to the characteristic frequency of *NH,*.['8]
The results demonstrated that the deoxygenation step was fol-
lowed by a sequence of protonation processes for ammonia
production.

Cu,O/N-GDY was then integrated into an anion-exchange
membrane electrolyzer to testindustrially relevant operating con-
ditions (Figures S9 and S10, Supporting Information). The FEs
of NH; displayed a similar trend to the one in the H-cell and
reached a maximum of 89% at 2.3 V in 0.1 M KNO, (Figure 4a).
With an energy efficiency of 21% (Equation S5, Supporting In-
formation), a NH; production rate of 585 umol h™! mg_,,~! was
achieved, almost 1.7 times higher than the one obtained at the
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maximum FE point in H-cell. The additional convective flux of
NO;™ in the electrolyzer mitigated the mass transfer limitation
characteristic of the H-cell design. When reducing the concen-
tration of KNO; to 0.01 M or to 0.001 M, both the FE and pro-
duction rate of NH, decreased due to the smaller flux of NO;~
reaching the surface of the catalysts (Figure 4b). In the 1 M KNO,
solution, NO,~ conversion appears to be limited by the kinetics
of the electrochemical reaction. The FEs and production rates of
NH,; were lower for voltages below 2.7 V due to the kinetically
more favorable reduction of NO,;~ to NO,~ (Figure 4c). For the
NO;~ concentrations in which mass transport is not the limit-
ing factor, the reduction of NO;~ to NO, ™ is the rate-determining
step at low voltages. This is observable from the accumulation of
NO, " (Figure 4d), consistent with previous reports.[**l When ap-
plying a voltage greater than 2.7 V, the FE and production rate
of NH; in 1 M KNO; increased reaching a maximum FE of 93%
and a production rate of 1950 umol h™! mg_,, ! at 3.3 V, the high-
est value reported in this device configuration (Figures S11 and
Table S2, Supporting Information). The effects of the variation in
NO;~ concentration are detailed in Section S3. The stability of the
AEM device was further tested at a voltage of 2.3 V. As shown in
Figure 4e, the device was relatively stable, and only a 15% decline
of current was observed after 20 h test. The decrease possibly re-
sulted from the detachment of the carbon particles in the pores
of the fibers of the porous layer on which Cu,O/N-GDY was de-
posited, as evidenced by the SEM images after electrolysis (Figure
S12, Supporting Information). Notably, the FEs of NH; main-
tained almost the same during the 20 h test, further confirm-
ing the stability of Cu,O/N-GDY catalyst (Figure S13, Supporting
Information).
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Figure 3. The electrochemical characterization of the as-prepared Cu,O/N-GDY in a H cell. a) LSV curves of Cu,O/N-GDY in T M KOH electrolyte and
0.1 M KNO3/1 M KOH mixed electrolyte; b) faradaic efficiency of NH; and NO, ™ at different potential; c) faradaic efficiency of NH; of Cu,O/N-GDY,
N-GDY, Cu,O/GDY and bare carbon paper; d) the production rate of NH; of Cu,O/N-GDY, N-GDY, Cu,O/GDY and bare carbon paper at different
potential; €) "H NMR spectra for electrolytes after "’NO;~ reduction tests of different duration; f) faradaic efficiency of NH; in different concentrations

of KNOj at different potential.

To determine the effect of temperature on NH; selectivity
and activity of the Cu,O/N-GDY, the AEM electrolyzer was
further tested at 40 °C. The peak of ammonia faradaic effi-
ciency shifted to a lower voltage mainly due to the reduction
of the standard equilibrium voltage of NO;RR coupled with
oxygen evolution reaction and of kinetic and ohmic losses at
a fixed current density (Figure 4f). The NH; production rate
is enhanced especially at high voltages by the expected better
NO,RR kinetics but it is partially penalized by the worse selec-
tivity with respect to HER (Figure 4g). A more detailed analy-
sis of the effects of temperature on the system is reported in
Section S4.

A comparison between an interdigitated flowfield geometry
and the previously used single serpentine flowfield was then per-
formed (Figure S14, Supporting Information). The effect of a dif-
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ferent NO,~ and NO, ™ distribution in the catalyst-coated porous
substrate on the activity and NHj selectivity was investigated in a
0.1 M NO;" solution. The selectivity and activity of Cu,O/N-GDY
catalyst reported in Figure 4h,i was not strongly impacted by the
variation of flowfield configuration, confirming the kinetic limi-
tation of NH; production rate at low voltages. At voltages larger
than 2.7 V, the interdigitated flow field showed a slightly better
production rate. The forced flux of NO;~ under the rib in the in-
terdigitated geometry might be beneficial for the partial mitiga-
tion of the mass transport limitation. Optimization of the flow-
field pattern coupling computational fluid dynamics calculations
with a larger number of tests varying NO,~ concentration and
flow rate as proposed for other technologies?”) represent a pos-
sible future activity to further optimize devices for the electrore-
duction of nitrate to ammonia.
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Figure 4. The electrochemical characterization of the as-prepared Cu,O/N-GDY in an anion exchange membrane flow electrolyzer. a) Faradaic efficiency
of NHj in different concentrations of KNOjs; b) the production rate of NH; in different concentrations of KNO;; ¢) faradaic efficiency of NO, ™ in different
concentrations of KNO3; d) the production rate of NO, ™ in different concentration of KNOj; €) the stability test of Cu,O/N-GDY in 0.1 M KNO; with
a voltage of 2.3 V; f) faradaic efficiency of NH; and NO, ™ at different temperature; g) the production rate of NH; at different temperature; h) faradaic
efficiency of NH; and NO, ™ in different flow channels; i) the production rate of NHj3 in different flow channels.

3. Conclusion

In conclusion, Cu,O/N-GDY with pyridine N configuration was
in situ prepared in one pot. Benefiting from the synergistic ef-
fect of pyridinic N in GDY and Cu,O, the catalyst tested in
0.1 M KNO; exhibited a maximum faradaic efficiency toward
NH, of 85.0% and a production rate of 340 pmol h™! mg_,~! at
—0.5 V versus RHE in a commercial H-cell. When integrating
the Cu,O/N-GDY in an AEM electrolyzer, a maximum faradaic
efficiency of 89% with a voltage of 2.3 V and a production rate
of 1950 pmol h=' mg_,,~! at 3.3 V were obtained, the best perfor-
mance reported in this device configuration. Operation at higher
temperatures improved the overall reaction kinetics of NO;~ re-
duction but lowered the maximum faradaic efficiency toward
NH;. This work provides a straightforward method for the syn-
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thesis of hybrid catalysts on the basis of pyridine N-doped carbon
materials, paving the way for new designs of cheap and efficient
NO;RR catalysts. The integration of Cu,O/N-GDY in an AEM
electrolyzer is a first step toward the industrial scale-up of the
technology, which can be further developed by directly deposit-
ing the catalysts and ionomers on the membrane to avoid the
use of the supporting electrolyte, or studying the mass-transport
limited regime of the system for applications in which the cogen-
eration of H, and NH; at maximal production rates is preferred
to selectivity.
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