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High-quality Co,P nanodendrites are one-step prepared using a
molten-salt-assisted synthesis method, which avoids the release of
highly toxic phosphine and the use of flammable organic
phosphorus sources. Electrochemical measurements reveal that
Co,P nanodendrites can be used as an efficient electrocatalyst for
ammonia (NHs) synthesis from nitrate reduction reaction (NO5;'RR)
in a neutral electrolyte. At an applied potential of -0.6 V vs.
reversible hydrogen electrode, Co,P nanodendrites can operate
stably for 10 continuous cycles, and the average faradic efficiency
and yield rate of ammonia generation are 88.57% and 5.11 mg cm-
2 h?, respectively. Thus, the present results will provide new
insights into the synthesis of phosphides and the development of
NO;RR catalysts.

Ammonia (NH3) is one of the extremely important
industrial products for food production as it is an essential
feedstock for N-based fertilizers and is emerging as a potentially
sustainable liquid fuel and as a critical hydrogen carrier.l: 2
Currently, the traditional Haber-Bosch (H-B) process
(N2(g)+3Hy,(g) = 2NH3(g)) dominates scalable industrial NH3
synthesis, requiring huge amounts of energy and, thus, causing
pollution.® 4 As a result, we need to develop sustainable
alternative ways to the H-B process in response to the global
energy and environmental crisis. The aqueous-based
electrochemical synthesis of NH3 has been recognized as one of
the most attractive approaches for NH; production ascribed to
utilizing renewable electricity, operating at ambient conditions,
and does not require additional hydrogen supply.>” Numerous
attempts at aqueous-based electrochemical reduction of
nitrogen to NH; have been carried out over the years.
Unfortunately, due to the inherent inertia of N=N (bond energy:

aAddress here. CAS Key Laboratory of Design and Assembly of Functional
Nanostructures, and Fujian Provincial Key Laboratory of Materials and
Techniques toward Hydrogen Energy, Fujian Institute of Research on the Structure
of Matter, Chinese Academy of Sciences, Fuzhou, Fujian, 350002, China.

* Corresponding author, Email: lcyi@fjirsm.ac.cn, wen@fjirsm.ac.cn.

t Footnotes relating to the title and/or authors should appear here.

Electronic Supplementary Information (ESI) available: [details of any supplementary
information available should be included here]. See DOI: 10.1039/x0xx00000x

Luocai Yi#*, Ping shao?, Zhenhai Wen?*

941 kJ mol?), limited nitrogen solubility, and the competitive
hydrogen evolution reaction (HER), result in the formation rate,
selectivity, and Faraday efficiency of nitrogen electroreduction
to NH; are far from meeting the application requirements.® ° By
contrast, the electrochemical reduction of nitrate to NHs
(nitrate reduction reaction, NO3'RR, NO3™ + 6H,0 + 8" > NH3 +
90H") represents an alternative and attractive route for
sustainable ambient NHs; synthesis owing to nitrate high
solubility in aqueous solutions and low dissociation energy of
N=0 (204 kJ mol1).10-14 Moreover, nitrate is also a contaminated
source unhealthy has been linked to increased risk for various
types of cancer in humans.'® 16 Therefore, the electroreduction
of nitrate to ammonia is expected to alleviate multiple crises in
energy, environment, and ecology.

Although  various  heterogeneous noble metals
electrocatalytic (such as Au,'” Ag,*® Pt,»® Ru,?° Rh,2! Pd,?? etc.)
have been developed for NO3RR, their scarcity and price make
them unsuitable for large-scale applications. Consequently,
considerable efforts have been spent developing earth-
abundant transition metal-based (such as copper-based,?3-2
cobalt-based,26-31 nickel-based,3*37 etc.)
electrocatalytic for their utilization in NO3'RR. Among them,

iron-based,3% 33

cobalt-based (such as cobalt metal,?” 3% 3° phosphide,*® 41
oxide,?® 42 etc.) catalytic have been proved theoretically and
experimentally to be highly selective in the electroreduction of
nitrate to ammonia. In particular, cobalt phosphide shows an
impressive Faraday efficiency of nearly 100% in the
electrocatalysis conversion of nitrite to ammonia.*® Among
Co,P, the metalloid properties make it highly favored in the field
of electrocatalysis due to its exceptional conductivity.*3
However, the existing synthesis process of metal phosphides
generally has potential safety hazards, such as releasing highly
toxic substances (NaH,PO,; pyrolysis to PH3) or using flammable
phosphorus sources, so it is urgent to develop a simple and low-
toxic synthesis approach.**

Herein, we report a molten-salt-assisted synthesis method
without phosphine release and a flammable phosphorus source
to synthesize dicobalt phosphide (Co,P) nanodendrites. The as-
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prepared Co,P nanodendrites were applied as an efficient
electrocatalyst toward the NO3RR in the neutral electrolyte,
including a high selectivity (88.57%), yield rate (5.11 mg cm2 h-
1), and stability (10 cycles) for NH; production.

Co,P nanodendrites were achieved through a one-step
procedure (2Co?* + P>* + 3Al — Co,P + 3AI3*) designed (Scheme
1 and Figure S1), which employs the phosphorus pentachloride
(PCls) as the phosphorus source, cobalt dichloride (CoCl,) as the
cobalt source, aluminum trichloride and sodium chloride (AICls-
NaCl) as the low eutectic molten salt, and Al as the reducing
agent. Itis worth noting that the reaction process uses low-toxic
PCls as the phosphorus source, avoiding the release of highly
poisonous PH; and flammable organic phosphorus sources,
significantly improving safety. The crystal structures of the as-
prepared sample were determined by powder X-ray diffraction
(PXRD), as shown in Figure 1a. The sample matches well with
Co,P (JCPDS: 32-0306), indicating that they represent a unitary
crystalline product. Scanning electron microscopy (SEM, Figure
1b-1c) and transmission electron microscopy (TEM, Figure 1d)
shows that the as-prepared Co,P presents uniform
nanodendritic morphology. The lattice spacing in the high-
resolution TEM (HRTEM) image was measured to be 2.21 or
2.23 A (Figure 1e), corresponding to the (121) planes of Co,P
(JCPDS: 32-0306). The selected area electron diffraction (SAED)
patterns are shown in Figure 1f. The several evident diffraction
rings suggest the polycrystalline structure feature of as-
prepared Co,P. The result was consistent with PXRD analysis.
Figure 1g-1i exhibits the scaling transmission electron
microscopy energy dispersive spectroscopy (STEM-EDS)
elemental mapping, and the results show a uniform distribution
of Co and P in the as-prepared Co,P nanodendrites.
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Scheme 1. Synthetic procedures of Co,P nanodendrites.

The surface chemical composition of the Co,P
nanodendrites was further proved by X-ray photoelectron
spectroscopy (XPS). In Figure 2a, the XPS survey spectra indicate
the spectroscopic features of Co, P, O, and C. The high-
resolution XPS spectrum of the Co presents of Co 2p, showing
peaks at 792.8 eV and 778.0 eV, the characteristic peaks of Co-
P corresponding to the Co 2p,,; and Co 2ps/,, respectively, as
shown in Figure 2b.*> Meanwhile, there are two satellite peaks
centered at 786.1, 802.5 eV and the peaks at 781.1 eV and 797.3
eV ascribed to Co-O bonding in oxidized Co species.
Additionally, in the XPS spectrum of P 2p (Figure 2c), two peaks
with binding energy of 130.3 and 129.2 eV arise from P 2p,,, and
P 2ps/,, respectively, which can be assigned to P-Co form in
transition metal phosphides (TMPs) crystal, while the distinct
peak at 133.0 eV be caused by the oxidized P species.*® It should
be noted that the slight surface oxidation is a widespread
phenomenon for TMPs nanomaterials by virtue of contact with
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air, which is consistent with many studies published in the
literature.*> 46
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Figure 1. (a) PXRD pattern of molten-salts-assisted synthesis of
Co,P nanodendrites. (b, c) SEM images of Co,P. (d) TEM image,
(e) HRTEM image, and (f) SAED pattern, of Co,P, respectively.
(g) HAADF image and corresponding EDS elemental mapping
images (h, i) of Co,P.
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Figure 2. (a) XPS analysis of Co,P. High-resolution XPS (b) Co 2p
and (c) P 2p spectra of Co,P.

The catalytic behavior of Co,P nanodendrites and
contrastive sample (carbon black) toward NO3RR were
evaluated in a typically three-electrode system in 0.5 M Na,SO;4
with 0.1 M NaNO; (see Supporting Information). The linear
sweep voltammetry (LSV) technique was applied to estimate
the electrocatalytic activity of the samples. All the potentials in
this work are regulated by a reversible hydrogen electrode
(RHE). As shown in Figure 3a, the LSV polarization curves
without iR-corrected shows that Co,P nanodendrites manifests
outstanding NO3zRR performance whereas carbon black
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possesses poor NO3zRR activity. Co,P nanodendrites only
requires applied potential of -0.24 V to achieve current density
of 10 mA cm?, significantly positive than -0.86 V of carbon black.
The selectivity of the Co,P nanodendrites towards the NO3;'RR
was further investigated using chronoamperometry
measurements at different applied potentials, as shown in
Figure 3b. After 1 h running, ammonia, the reduction products
of NO3RR, was detected by *H nuclear magnetic resonance (*H
NMR, Figure S2-S3) spectra (other possible reductive products
included NO,, N,, N,H;, and H,, etc. were not detected), as
shown in Figure 3c. The results show that NH; can be produced
at -0.3 V, and the Faradaic efficiency (FE, Table S2) of NHs is
70.98% and close to ~90% at -0.4 V~-0.6 V. In Figure 3d and
Figure S4, in order to eliminate the influence of environment,
electrode, and nitrogen source, we conducted blank contrast
experiment. The results showed that ammonia generation
could not be detected in the absence of nitrate, indicating that
the NH; in the above products was mainly from NO3'RR.
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Figure 3. (a) NO3RR polarization curves for Co,P nanodendrites
and carbon black in 0.5 M Na,SO, with or without 0.1 M NaNO3
solution. (b) The chronoamperometric response of Co,P
nanodendrites in 0.5 M Na,SO, with 0.1 M NaNOs; solution at
different potentials. (c) NHsz; vyields and FEs of Co,P
nanodendrites for the NO3RR at different potentials. (d) The *H
NMR spectra of catholyte in 0.5 M Na,SO,4 with or without 0.1
M NaNOs solution at -0.8 V vs. RHE.

The electrocatalytic cycle stability is another vital
performance metric to consider when selecting a catalyst for
NOsz'RR. Based on the consideration of NH; yield and FE, -0.6 V
is the preferred potential of NOsRR to evaluate the long-term
stability of Co,P nanodendrites. As shown in Figure 4a, in each
electrolysis cycle, the current density of electrolysis gradually
decreases with the electrolysis, which is caused by the constant
consumption of NOs". It is worth pointing out that the current
recovers as usual after the electrolyte is refreshed, which can
stabilize the cycle for 10 times, indicating that Co,P
nanodendrites has excellent NO3RR catalytic stability. In
addition, in 10 cycle tests, the average Faraday efficiency of
Co,P nanodendrites catalyzed NO3RR reached 88.57%, and the
average yield reached 5.11 mg cm2 h'l, as shown in Figure 4b
and Table S3. Moreover, XRD (Figure S5) and SEM (Figure S6)
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results show that Co,P nanodendrites still retains the original
Co,P (JCPDS: 32-0306) crystal structure and nanodendrite
morphology after the stability test, further indicating that as-
prepared Co,P nanodendrites has good electrocatalytic

stability.
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Figure 4. (a) The consecutive recycling test for Co,P
nanodendrites at —0.80 V and corresponding (b) NHs; yields and
FEs.

In summary, we designed a low toxicity and one-step
molten salt synthesis method to synthesize Co,P with
nanodendritic morphology. The potential application of the as-
prepared Co,P nanodendrites in NO3;"RR was discussed. At
specific potential, the FE of the Co,P nanodendrites
electrocatalytic reduction of nitrate to ammonia can approach
90%, and it can be stably cycled for more than 10 times. Our
research provides new insights into the synthesis of TMPs and
the development of catalyst systems for ammonia production
by nitrate reduction.
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