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Nitrogen electro-reduction reaction (NERR) is a promising alternative method for ammonia production
to the Haber-Bosch approach due to mild reaction conditions and free harmful by-product emission.
A formidable challenge in bringing NERR closer to the practical application is developing an electro-
catalyst which can simultaneously improve the Faraday efficiency and reduce the reaction over-potential.
Herein, we fabricated a catalyst of nitrogen-doped carbon dots modified copper-phosphate nanoflower
petals (CuPo-NCDs NF) via a self-assembly method. The flower structure endowed the CuPo-NCDs NF
with large specific surface area, and thus enabled more active sites to be exposed. In particular, we
demonstrated that the NCDs modified CuPo petals with flower-like structure can accelerate the inter-
facial proton-electron transfer, suppressing the competing hydrogen evolution reaction and promoting
the desired NERR process. Ultimately, for the CuPo-NCDs NF catalyzed NERR, the FEyy, and the reaction
potential both were boosted, the resultant energy efficiency of NERR reached a record-breaking value
of 56.5%, and the NHj yield rate increased by 7 times compared to NCDs. This study provides a novel

catalyst with a new pathway to boost the NERR.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

It has been proven that ammonia is a promising energy car-
rier and is indispensable in chemical fertilizer production. How-
ever, the production of ammonia still chiefly relies on the Haber-
Bosch (H-B) approach which necessitates harsh reaction conditions
of high temperature and pressures, resulting in extremely high
energy consumption and massive greenhouse gas emissions [1,2].
Electrochemical catalytic systems can catalyze the N, to ammo-
nia via electro-reduction reaction under ambient temperature and
pressure, such reaction has the benefit of low environmental im-
pact and low cost [3,4]. Therefore, the Nitrogen electro-reduction
reaction (NERR) has been considered as a promising alternative to
the typical H-B approach, which is infamous for its high-energy
consumption and pollution discharge [5-7]. Nevertheless, since the
potential of NERR is very close to that of hydrogen evolution reac-
tion (HER) and the initial partial pressure of H, is low, the compet-
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ing HER is very serious during NERR process [1,8]. Therefore, the
Faraday efficiency of NERR (FEny, ) is far from the practical applica-
tions. In this context, the strong alkaline electrolyte with low pro-
ton concentration and good proton filtration functions have been
reported to suppress the competing HER [8-11]. However, when
considering the environmental and economic benefits of NERR, the
energy efficiency (EEny, ), the ratio of the energy input to produce
NH; to the energy the generated NHs can offer, is one of the most
crucial and yet overlooked factors for the practical application of
NERR [2-4].

The theoretical EEyy, can be calculated by the following equa-
tion (Eq. 1):

339.2

EEnu, (%) = 1000 x FEny, x x F x (1.23-n) (1)
in which the n represents the reaction potential of NERR, and
the F respresents the Faraday constant [4]. The requisite for im-
proving EEyy, is to improve the reaction potential and the FEny,
synchronously. However, the reported strategies are not yet able
to simultaneously achieve these two goals well. The critical fac-
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tor is that the NERR is a typical proton-coupled electron trans-
fer (PCET) reaction [1,12]. The reported approaches to improve the
FEny, mainly rely on filtering and limiting protons and this will
inevitably retard the proton transfer, resulting in a high reaction
over-potential. As a result, although the FEny, is enhanced, the
EEny, for the reported catalysts or catalytic strategies is still be-
low 40%.

It is worth noting that biological enzymes are very energy effi-
cient in catalyzing chemical reactions. One of the key factors is that
the biological enzymes possess successive intramolecular proton-
electron transfer paths [13-16]. Inspired by this, it is likely that a
key point in improving the FEyy, and reaction potential of NERR
lie in developing novel catalysts with enhanced interfacial proton-
electron transfer.

In this work, we fabricated an electro-catalyst of nitrogen-
doped carbon dots modified copper-phosphate nanoflower (CuPo-
NCDs NF) with novel catalytic pathway via an in situ self-assembly
method. The NCDs induced the Cu?t to form flower-like amor-
phous CuPo, which in turn served as a three-dimensional scaf-
fold for NCDs, simultaneously preventing the NCDs from falling
from the electrode during the NERR process and enabling more
NERR active sites to be exposed. Systematic experiments con-
firmed that the CuPo-NCDs NF could accelerate the electron trans-
fer between the absorbed N, and the electrode, and avoid the di-
rect interaction between the protons and the NERR active sites.
Thus, the competing HER was significantly suppressed. From this,
the CuPo-NCDs NF achieved high FEny, of 59.4%. It was partic-
ularly worth noting that NERR potential at the peak FEny, pos-
itively shifted to 0.0 V vs. RHE. Therefore, the EEyy, for CuPo-
NCDs NF reached a record-breaking value of 56.5%, 5.4 times the
EEny, of NCDs. In addition, the NH3 yield rate for CuPo-NCDs NF
(87.04pg ! mgc‘;talyst h=1) achieved a 7-times increase compared
to that of NCDs (10.69 pug™! mgc*;talySt h=1). Also of note, the EEy,
for the CuPo@NCDs, which was fabricated via reacting NCDs with
the prefabricated CuPo, was also only 28.7%. This strongly validated
that the the CuPo-NCDs NF fabricated in situ showed superior en-
hancing effect on the NERR.

The scanning electron microscope (SEM) analysis revealed that
the nanoparticles with flower-like structure generated were by
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simply mixing the NCDs with Cu?* in a phosphate buffer saline
and kept at room temperature for 24 h (Figs. 1a and b). To
further investigate the elemental composition of the nanoparti-
cles, the elemental mapping and the X-ray photoelectron spec-
troscopy (XPS) tests were conducted. Results revealed that the
atoms of C, N, O, Cu and P distributed in the nanoparticles
(Figs. S1 and S2 in Supporting information). What is more, all
of the Cu atoms in the final product were in divalent state, as
evidenced by spectrums of the Cu 2p3;, and the auger elec-
tron spectra of Cu (Fig. 1e and Fig. S3 in Supporting informa-
tion) [17,18]. The P 2p spectrum exhibited a peak at 133. 2 eV
attributed to the Cu-P-O species (Fig. S4 in Supporting infor-
mation) [19,20]. In addition, the characteristic peaks of PO43~
(1190~950 cm~!) were observed from the Fourier-transform in-
frared spectroscopy (FT-IR) of CuPo and CuPo-NCDs NF (Fig. 1d)
[21]. Above results strongly suggested the formation of CuPo in the
final product. To further analyze the detailed structure of CuPo-
NCDs NF, the transmission electron microscopy (TEM) and high-
resolution (HRTEM) tests were conducted. The pristine NCDs had
uniform particle size of ~5 nm and characteristic lattice fringe
of 0.22 nm attributing to (100) plane of carbon plane (JCPDS
No. 26-1080) (Fig. S5 in Supporting information) [22-24]. After
reacting with Cu?*, the NCDs (black dots in red circle) were
uniformly anchored onto the flaky amorphous CuPo (Figs. 1b
and c, Fig. S6 in Supporting information). With regard to the
N 1s XPS spectrum, the NCDs showed three characteristic peaks
assignable to the pyridinic-N (398.8 eV), pyrrolic-N (400.3 eV), and
graphitic-N (401.2 eV). Noticeably, besides these three characteris-
tic peaks, the CuPo-NCDs NF showed new fitting peak attributed
to Cu-N bond (Fig. 1f) [17,18]. In sum, one can conclude that the
NCDs induced the growth of amorphous CuPo in situ, which in turn
served as a scaffold for NCDs, and ultimately forming the CuPo-
NCDs NF. Notably, researches have revealed both pyrrolic and pyri-
dinic N worked as the active sites for NERR [22,25,26]. In particu-
lar, the specific surface area of the CuPo-NCDs NF was as high as
410.95 m2/g, which can provide a large number of active sites to
enhance their catalysis toward NERR (Fig. S7 in Supporting infor-
mation). Furthermore, the PO,3~ can participate in as well as boost
the PCET reactions [27,28], thus the CuPo-NCDs NF was expected
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Fig. 1. (a) The SEM, (b) TEM and (c) HRTEM images of the obtained CuPo-NCDs NF. (d) The Fourier-transform infrared spectroscopy of CuPo and CuPo-NCDs NF. (e) The
high-resolution Cu 2p;, XPS spectra of CuPo and CuPo-NCDs NF. (f) The high-resolution N 1s XPS spectra of NCDs and CuPo-NCDs NF.
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Fig. 2. (a) The TEM, HRTEM (inset) and (b) the corresponding element mapping images of the product after reacting NCDs with Cu?* for 10 min. The SEM images at 6 h (c)
and 20 h (d). (e) The TEM and HRTEM (inset) image of the CuPo fabricated in absence of NCDs. (f) The TEM and (g) HRTEM images of the CuPo@NCDs. The black dots in
orange circle represent the NCDs. (h) The XRD patterns of the CuPo, NCDs, CuPO@NCDs, and CuPo-NCDs NF. (i) Scheme of the growth mechanism of the CuPo-NCDs NF.

to effectively suppress competing HER and promote the desired
NERR.

To provide further evidence on the growth mechanism of CuPo-
NCDs NF, a systematic approach was carried out carefully. As the
HRTEM and the elemental mapping results indicated, the amor-
phous CuPo grown along the NCDs (black dots) (Figs. 2a and b) in
the first 10 min. Considering the NCDs had abundant -NH, groups
which could efficiently chelate Cu?* (Fig. S8 in Supporting infor-
mation) [23], together with the evidence of Cu-N proved by the
XPS in Fig. 1f, one could conclude that the NCDs chelated Cu?* to
form the crystal nucleus. The amorphous nucleus provided abun-
dant footholds for CuPo and NCDs, ultimately leading to the for-
mation of CuPo-anchored NCDs petals (Fig. 2c and Fig. S9 in Sup-
porting information). Eventually, the staggered growth of petals re-
sulted in the formation of CuPo-NCDs NF (Fig. 2d). In sharp con-
trast, the flaky and crystal CuPo with obvious characteristic X-ray
diffraction peaks were obtained in absence of NCDs (Fig. 2e and
Fig. S10 in Supporting information).

The flower-like particles were also generated when the prefab-
ricated CuPo were reacted with NCDs (denoted as CuPo@NCDs)
(Figs. S11 and S12 in Supporting information). However, as revealed
by the TEM and HRTEM results, the NCDs loading in CuPo@NCDs
was obviously lower than that in CuPo-NCDs NF (Fig. 1b and
Fig. S12). Apart from this, the CuPo well preserved its fine crys-
tal structure, and the NCDs in CuPo@NCDs are only distributed on
the edge of the flaky CuPo (Figs. 2f-h). This is because in the case
of flaky CuPo with perfect crystal lattices, only the uncoordinated
Cu hanging on the edge can serve as the foothold for NCDs.

Taken together, one can conclude that the NCDs could induce
the in situ growth of amorphous CuPo, which in turn provided
abundant footholds for CuPo and NCDs. These factors ultimately
lead to the formation of CuPo-NCDs NF and let more uncoordi-
nated phosphate groups be exposed (Fig. 2i). Since the phosphate
groups have been confirmed to participate in as well as boost the
PCET reactions [20,28,29], so the obtained CuPo-NCDs NF is ex-

pected to create more opportunities for promoting the PCET-type
NERR.

One of the aforementioned theories was that the CuPo-NCDs
NF could accelerate the electron transfer as well as avoid the di-
rect contact between the NERR active sites. To confirm this, we
firstly recorded the Raman spectrum of different electrodes in the
electrolyte at room temperature to investigate the interaction be-
tween the catalysts and H-bond (Fig. 3a). On the naked carbon
paper electrode, the characteristic band at 3200-3800 cm~! as-
signed to the O-H stretching vibration of water was strong [30].
The decline in band intensity was slight after modifying the elec-
trode with NCDs, demonstrating the interaction between the NCDs
and the proton carrier of H,O was weak. In contrast, on the CuPo
electrode and the CuPo-NCDs NF electrode, the intensity of the
O-H band markedly decreased. Such substantial decrease in O-H
intensity suggested that the CuPo could strongly interact with
water and significantly weaken the O-H bond. Thus further in-
crease the mobility of proton on the NCDs modified CuPo petal
surface.

For the in-depth study of the proton-electron transfer on CuPo-
NCDs NF electrodes, we performed the electrochemical impedance
spectroscopy (EIS) tests. To verify that the H" was the only mobile
ion in the test system and the electron transfer did not interface
with the investigation of proton transfer, the EIS tests were con-
ducted in the deionized water [31,32]. As shown in Figs. 3b and c,
the Nyquist plots of NCDs, CuPo, and CuPo-NCDs NF all displayed
two semicircles in the high frequency and low frequency regions.
The first semicircle in high frequency regions reflects the H* trans-
fer resistance (Rqt) in the catalysts and the second semicircle in
low frequency reflects the electron acceptance of the H* at the
electron-conductive junctions. The R values of the first semicir-
cle for CuPo and CuPo-NCDs NF decreased to as low as ~650
and ~500 €2, respectively, whereas that for the NCDs was as high
as ~950 Q. This signified a higher H* transfer rate in CuPo and
CuPo-NCDs NE. However, the R value of the second semicircle
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Fig. 3. (a) The Raman spectra of different electrodes in electrolyte. (b) The Nyquist plots of different electrodes in deionized water. (c) The enlarged view of the Nyquist
plots. (d) The HER suppress performance of CuPo, NCDs, CuPo@NCDs and CuPo-NCDs NF. Schematic representations of the electron and proton transfer pathways in the NCDs

(e) and the CuPo-NCDs NF (f).

for CuPo (~20,000 2) was about 100 times higher than that for
NCDs (~200 €2), clearly indicating the poor electron conductivity
of CuPo. The R value for the CuPo-NCDs NF sharply decreased to
~2100 €2 due to the higher electron conductivity of NCDs, demon-
strating the interfacial electron transfer was also boosted on CuPo-
NCDs NF. Taken together, we can reasonably conclude that the
dominated reaction on NCDs would be HER due to the high H* ac-
cessibility and high electron accessibility on its surface (Fig. 3e). In
sharp contrast, for the CuPo-NCDs NF, the CuPo worked as the first
H* acceptor, and hindered the H* from accepting electrons at the
electron-conductive junctions [20,30]. Thereby, the CuPo-NCDs NF
was expected to effectively suppress the competing HER. As con-
firmed by Fig. 3d, in Ar saturated electrolyte, the HER onset poten-
tial on the NCDs electrode was as high as 0.2 V (vs. RHE), while
that for the CuPo-NCDs NF and CuPo@NCDs negatively shifted to
—0.1 V. Beyond that the HER current density at the same poten-
tial for CuPo-NCDs NF exhibited a dramatic decrease compared to
NCDs and CuPo@NCDs. This clearly confirmed the CuPo-NCDs NF
could effectively suppress the competing HER.

Through a comprehensive analysis of the Raman, EIS, and LSV
results, one can find that the strong interaction between H* and
the PO43~ not only enabled the CuPo phase in CuPo-NCDs NF to
work as the first HT acceptor, but also formed a weakened O-H
bond to increase the mobility of H*, avoiding the direct contact
between the proton and the NERR active NCDs. What is more, the
poor electron conductivity of CuPo significantly reduced the elec-
tron acceptance of protons at the conductive junction. As a result,
the proton-electron transfer on the petal surface was enhanced
(Fig. 3f). Theoretically, this enhanced interfacial proton-electron
transfer is helpful in achieving the goal of simultaneously improv-
ing the FEny, and reducing the reaction over-potential of NERR
to boost the EEyy,. Apart from that, the flower-like structure of
CuPo-NCDs NF could shorten the N, transfer distance and boost
the collision probability between the reactant and the activation
sites [33,34]. Taken together, the CuPo-NCDs NF held great poten-
tial in boosting the EEny, of NERR.

The NERR performances of NCDs, CuPo, CuPo@NCDs, and
CuPo-NCDs NF were further comparatively examined via rigorous
experiments. The concentration of ammonia after 2-h electrol-
ysis under N, atmosphere was first determined by the in-
dophenol blue method (Figs. S13-S19 in Supporting information)

[35-38]. As expected, the CuPo-NCDs NF achieved a high FEny,
of 56.5%, which was about 4 times higher than that of NCDs
(12.8%), and far surpassed that of most of the carbon-based cat-
alysts reported so far (Fig. 4a and Table S1 in Supporting in-
formation). And the NHj yield rate for CuPo-NCDs NF reached
87.04 g ! mgc‘;téllyst h~1, which was about 7 times higher than
NCDs (10.69 g1 mgg;talyst h~1). A worthier finding was that the
potential needed for the CuPo-NCDs NF to achieve the peak FEyy,
was lowered to 0.0 V (Fig. 4b, Figs. S14-S17 in Supporting infor-
mation). Of particular note is that the FEyy, for CuPo@NCDs in-
creased significantly (28.7%) compared to NCDs, yet it was still
lower than that of CuPo-NCDs NF (Fig. S18 in Supporting in-
formation). Furthermore, we could not observe NH; after elec-
trolyzing CuPo for 2 h at a given potential (Fig. S19 in Support-
ing information), suggesting that the contribution from CuPo in
the CuPo@NCDs and CuPo-NCDs NF electrodes was very limited.
And this also demonstrated that the N, was mainly absorbed on
the NCDs, which possessed the NERR active sites (Fig. 3e). The
above results strongly confirmed that modifying NCDs with CuPo
could achieve an enhanced NERR performance. However, the CuPo-
NCDs NF formed in situ exhibited distinct superiority in FEnp,
compared to CuPo@NCDs. This was because the amorphous CuPo
possessed more uncoordinated phosphate groups to accept and
transfer proton and the NCDs loading was higher. As a result,
the CuPo-NCDs NF could simultaneously avoid the direct interac-
tion between proton and NCDs and provide more active sites to
activate Nj.

Also of note, the catalytic current and FEyy, showed negli-
gible decline during a 36-h NERR test (Fig. 4c), and the physi-
cal morphology and element composition of the CuPo-NCDs NF
underwent no detectable changes (Figs. S20 and S21 in Support-
ing information), strongly confirming the highly stable NERR ac-
tivity of CuPo-NCDs NF. To eliminate the interference of polluted
ammonia sources on the experimental results, several control ex-
periments and isotopic labeling experiments were conducted. Re-
sults revealed that no detectable NH4+ was observed after elec-
trolyzing the CuPo-NCDs NF at 0.0 V for 2 h in Ar-saturated PBS
(Fig. S22 in Supporting information). This eliminates the possibility
of partial NH3 generated from the self-electrolysis of catalyst and
the electrolyte contamination. Furthermore, as the 'H NMR results
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proton.

revealed, no triplet signal representing ¥NH4* could be observed
in the NMR spectra after electrolyzing under Ar gas. In contrast,
an obvious characteristic triplet signal appeared after feeding the
same electrochemical system with N, gas [8]. Most notably, the
TH NMR spectra only showed a distinguishable doublet signal as-
signed to NH,4* when using >N as a gas source (Fig. 4d). Given
the above, the reliability of the experimental results was strongly
confirmed.

Next, we investigated the FEyy, and NHj yield rate at differ-
ent temperatures to estimate the apparent activation energy (E,)
for NERR, according to the Arrhenius equation of Ln(K)=Ln(A) -
EL/RT [39]. The K and T represent NHs yield rate and reaction tem-
perature, respectively. Clearly, the FEyy, and NH; yield rate for
NCDs and CuPo-NCDs NF both increased as the temperature in-
crease (Figs. 5a and b). However, the E, for the NERR catalyzed

by NCDs and CuPo-NCDs NF were 90 kj/mol and 75 kJ/mol, re-
spectively (Fig. 5¢). That is, the CuPo-NCDs NF could significantly
reduce the E; for NERR by 50%.

As we mentioned above, when considering the environment
and economic benefits of the NERR, the EEyy, is one of the
most crucial factors. So, we normalized the EEny, according to
Eq. 1. Due to the high FEyy, together with low over-potential of
NERR catalyzed by CuPo-NCDs NF, the maximum EEny, reached
56.5%. The resulted value far exceeded that of the currently re-
ported carbon-based catalysts (Fig. 5d) [11,22,25,26,36,37,40-43].
Researches demonstrated that coating a hydrophobic layer on the
catalyst surface to filter proton was an effective way to improve the
FEny,. However, the insufficient proton supply is not conducive to
the NERR which is a typical PCET reaction, thus leading to a high
over-potential. Therefore, even compared with proton filtration
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approaches, the CuPo-NCDs NF also exhibited an overwhelming su-
periority in EEny, (Fig. 5d) [1,8,9,35,44].

In summary, we have fabricated a novel NERR catalyst of CuPo-
NCDs NF which exhibited superior catalytic efficiency. The ob-
tained CuPo-NCDs NF has been proven to be able to simultaneously
improving the selectivity and reaction potential of the NERR, due
to the enhanced interfacial proton-electron transfer on the petal
surface. For the NERR catalyzed by CuPo-NCDs NF, the FEny, signif-
icantly increased to 59.4%, meanwhile, the NERR potential required
to achieve the peak FEny, was reduced to 0.0 V. This corroborated
that the CuPo-NCDs NF with enhanced interfacial proton-electron
transfer could synchronously suppress the competing HER reaction
and promoted the protonation of intermediates during the NERR
process. The simultaneous increase in FEyy, and reduction in over-
potential endowed CuPo-NCDs NF with a record-breaking EEny,
of 56.5%. Also of note, the flower-like structure of CuPo-NCDs NF
could boost the collision probability between the reactant and the
activation sites. Therefore, the CuPo-NCDs NF exhibited an NH;
yield rate that was 7 times higher than that of NCDs. Our study
offers new opportunities to improve the EEny, of NERR, bringing
NERR closer to the practical application in terms of environmental
and economic benefits.
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