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ABSTRACT: Oxygen evolution reaction (OER) has a high
overpotential, which can significantly reduce the energy
efficiency in water decomposition. Using urea oxidation
reaction (UOR) to replace OER has been a feasible and
energy-saving approach because of its lower electrode
potential. Furthermore, UOR is also an important process in
wastewater treatment. This paper successfully synthesizes a
high-performance bifunctional catalyst for urea electrolysis.
The catalyst is nickel nitride bead-like nanospheres array
supported on Ni foam (NisN/NF). Several characterization
methods are used to analyze the catalyst’s morphology,
structure, and composition as well as catalytic activity/
stability, including X-ray diffraction, scanning electron

—=— Ni N/NF||Ni,N/NF
—— PUC||IrOy

microscopy, transmission electron microscopy, X-ray photoelectron spectroscopy, and electrochemical methods (cyclic
voltammetry, linear sweep voltammetry, electrochemical impedance spectroscopy, and CAM). A concurrent two-electrode
electrolyzer (Ni;N/NF||Ni;N/NF) is constructed and used to validate the catalyst performance, and the results show that the
cell achieves 100 mA-cm™ at 1.42 V, while the cell voltage of Pt/C||IrO, is 1.60 V, indicating that the Ni;N/NF catalyst is

superior to precious metals.

KEYWORDS: overpotential, urea oxidation reaction, hydrogen evolution reaction, Ni foam, bifunctional

1. INTRODUCTION

The intensive human-related activities such as consumption of
fossil energy and food have led to the urgency of development
of sustainable energy sources and technologies to resolve the
environment pollution issue."”

Regarding sustainable energy, the electricity from solar wind
and other sources has to be stored for flexible usage. Among
the electricity storage media, hydrogen has been expected to be
the ideal one because it can be obtained by electrochemical
water splitting [hydrogen evolution reaction (HER)] of the
electrolysis cell using sustainable electricity sources.”” '’
However, the counter oxygen evolution reaction (OER) has
a high overpotential,'' ~'® which greatly limits the energy
efficiency of hydrogen production, severely restricting the
commercialization of hydrogen energy. Therefore, we need to
seek a counter anodic reaction with low overpotential for the
water-splitting electrolysis cell. With respect to this, urea as an
electrochemically oxidable chemical is explored to serve as the
reductant for the cathode of the electrolysis cell. There are two
advantages for urea oxidation reaction (UOR): (1) the
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theoretical electrode potential of urea is 0.37 V versus SHE,
which makes it easier to be electro-reduced, leading to higher
energy efficiency of hydrogen production; and (2) the
exploration of urea oxidation may be beneficial to the
treatment of urine-containing wastewater because urine is
mainly composed of urea. The environmental issues of water
pollution caused by urine are deteriorating because of its
natural conversion to toxic ammonia and other environmental
pollutants such as nitrates, nitrites, and so on.'”'® If the urea in
the wastewater can be decomposed by electrolysis, it can
significantly reduce the environmental pollution.

Using the electrolysis cell to decompose urea at the anode,
nontoxic N,, CO, can be produced, and at the same time,
hydrogen can be generated at the cathode through the
following reactions to benefit both hydrogen energy generation
and reducing urea pollution.'”*’ It is highly desirable that
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UOR would be able to replace OER at the anode of the
electrolysis cell to make high energy efficiency of hydrogen
production.”’ 7>® Actually, urea electrolysis aims at treating
wastewater and also replacing OER at the anode of the
electrolysis cell for hydrogen production.”*™>°

However, urea electrolysis needs both active UOR and HER
electrocatalysts to reduce overpotentials at the anode and
cathode. Recently, metal-based Ni materials are studied for
urea electrolysis.”’ ' Some catalysts have shown impressive
activities because of their multicomponent synergistic effects.
These catalysts include Ni-cohydroxide,®> Ni(OH),,>* Ni/
WC,** Ni-Rh,* and NiO,*® and so on. Although these nickel-
based catalysts have demonstrated comparable catalytic activity
to precious metal catalysts,” most of them have insufficient
conductivity and specific surface area, limiting their practical
application. Therefore, it is essential to select suitable
substrates to support the catalysts for improving conductivity
and increasing the specific surface area.”’ Regarding this, most
of the reported substrates in literature are still two-dimensional
planar structures. Some innovative approaches in improving
the electrocatalytic catalytic performance, such as exploring
nickel foam (NF) electrode structures with a honeycomb
three-dimensional network as catalyst substrates, have been
carried out. In this way, the specific surface area can be
increased, a conducting network can provide for fast electron
conduction after loading the catalyst, and more active sites for
reactions can be generated. The formed catalyst electrodes
include NF-supported catalysts, such as NiO/NF,*® FeCo,S,/
NF,* and so on. According to theoretical calculations, Xu et
al.*> demonstrated that Ni;N can provide many active sites. It
has faster charge carrier transport and the potential for good
catalytic performance.

In this paper, Ni;N/NF is synthesized (Figure 1). First,
Ni(OH), on NF is prepared by the hydrothermal reaction.

NF Ni(OH), NW/NF

Nitriding Reaction

(G Er

INiJ> p
Hydrothermal Processes
120°C, 24h

Figure 1. Schematic of the preparation process for the Ni;N/NF.

Second, the network array of Ni on NF is acquired by a
chemical method. Finally, the Ni;N catalyst supported on NF
is obtained from Ni by calcination. As shown in Figure 2, many
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Figure 2. Schematic of urea electrolysis in the Ni;N/NF electrode.

active sites are exposed from the network woven from the
nanospheres for the urea electrolysis. The electrochemical
performance is evaluated at 1.42 V to achieve 100 mA-cm™2,
Meanwhile, driving 50 mA-cm™ needs 1.38 V in urea
electrolysis, while the voltage of water electrolysis is 1.62 V.

2. EXPERIMENTAL SECTION

2.1. Materials. Sodium hydroxide (NaOH), nickel(II) acetate
tetrahydrate (C,H;O,Ni-4H,0), hydrazine hydrate (N,H,-H,0), and
ammonia (NH;-H,0) were all purchased from Sinopharm Chemical
Reagent Co. Ltd (www.sinoreagent.com). NF was purchased from
Shenzhen Green and Creative Environmental Science and Technol-
ogy Co. Ltd.

2.2. Synthesis of Ni;N Bead-Like Nanospheres on Ni Foam
(Ni3N/NF). The first process was the synthesis of (Ni(OH),/NF):*'
3.73 g of C;HsO,Ni-4H,0, 0.6 g of NaOH, and 60 mL of ultrapure
water were mixed. After that, the suspension and pretreated Ni foam
were put into a Teflon-lined autoclave and heated at 120 °C for 24 h.

The second process was the synthesis of Ni bead-like nanospheres
on Ni foam (Ni/NF). As-prepared Ni(OH),/NF was transferred to
50 mL ultra-pure water at 90 °C under constant stirring. A few
minutes later, 10 mL N,H,-H,O solution as a reductant was added
dropwise under stirring. After that, the dark Ni/NF was collected after
90 min because of the mechanism of autocatalytic reaction

M(OH), + xH* - M*" + xH,0 (1)

M*" 4+ #HR'™ - M | +aR'™ + nH + (x — n)/2H,t  (2)

where, M = metal and R = reductant.”” Finally, it was repeatedly
washed with ammonia and ultrapure water.

The third process was the synthesis of Ni;N/NF. Ni/NF was
treated at 350 °C for 2 h in a tube furnace under NH; flow for
reaction of 6Ni + 2NH; — 2Ni;N + 3H,.

2.3. Characterization and Electrochemical Measurements.
X-ray diffraction (XRD) patterns were required with a Bruker D8
ADVANCE X-ray instrument using Cu Ka radiation (4 = 0.15418
nm). X-ray photoelectron spectroscopy (XPS) was employed on an
ESCALAB 250Xi X-ray photoelectron spectrometer using the
monochromatic Al Ka source. The morphologies of the synthesized
product were measured by scanning electron microscopy (SEM)
using aJSM6S10LV instrument. Transmission electron microscopy
(TEM) was performed using a TecnaiG20 TEM facility.

Electrochemical measurements were conducted on a CHI 660E
electrochemical workstation. The as-prepared materials were working
electrodes. The loadings of Ni;N, Ni(OH),, and Ni are 0.075, 0.012,
and 0.008 mg-cm™?, respectively. The Pt/C electrode used for
comparison is made of NF as the substrate.*’ The reference electrode
was HgO/Hg (Egyg = Epg/mgo + 0.098 + 0.059pH), and the counter
electrode was the graphite rod. The electrochemical impedance
spectroscopy (EIS) was conducted with frequency (Hz) from 1 to 1
000 000.

3. RESULTS AND DISCUSSION

3.1. Physical Characterization. XRD of the Ni;N/NF is
shown in Figure 3a. The peaks at 38.92°, 42.1°, 44.47°, 58.6°,
70.6°, and 78.41° correspond to the lattice of Ni;N (JCPDS
no. 10-0280).40 Additionally, the peaks at 44.5°, 51.8°, and
76.6° from NF are well matched with Ni (JCPDS no. 04-
0850). The peaks of Ni(OH),/NF and Ni/NF are also
matched to the standard card (Figure S1). Figure 3b displays
the surface survey XPS spectra of N 1s for Ni;N/NF. The
peaks at 853.2 and 870.7 eV are indexed to the Ni*.** The Ni
2py, and Ni 2p;/, correspond to 879.2 and 860.8 eV,
respectively. They could be the plane of Ni** from the surface
oxide phase,*" most probably hydrated nickel oxide. Figure 3c
shows the peaks of the narrow scan spectrum of N 1s for
Ni;N/NEF. The peaks at 397.8 and 401.9 eV can be associated
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Figure 3. (a) XRD of Ni;N/NF. (b) XPS of Ni 2p for Ni;N/NF. (c)
XPS of N 1s for Ni;N/NF. (d) SEM of Ni;N/NF.

to N—Ni and N—O, respectively.*’ The results indicate that
the Ni;N/NF catalyst has been successfully synthesized.

The SEM images of Ni;N/NF show that bare Ni foam is
fully covered with Ni;N bead-like nanosphere array (Figures
3d and S2). The Ni;N/NF (inset of Figure 3d) is distributed
as a flufty porous network and the porous structure is formed
by its orientation and combination. Figure 4a shows the TEM

Figure 4. (a) TEM of Ni;N/NF. (b) HRTEM of an individual Ni;N/
NF. (c) Element mapping of N for Ni;N/NF. (d) Element mapping
of Ni for Ni;N/NF.

of Ni;N/NF. Obviously, the Ni;N grows homogeneously on a
layer of NF and displays a bead-like nanosphere structure
(inset of Figure 4a). Figure 4b displays the high-resolution
transmission electron microscopy (HRTEM) image of Ni;N/
NF. An interplanar distance of 0.2305 nm corresponds to the
Ni;N(110), and 0.2035 nm is in line with Ni;N(111). The
conclusion is consistent with the result acquired by XRD. The
distributions of Ni;N/NF were examined by back-scattering
elemental mapping (Figure 4c,d), from which we can see that
N is distributed homogeneously. Ni element is fully distributed
because of the Ni foam substrate. Meanwhile, scanning
transmission electron microscopy—energy-dispersive X-ray

spectroscopy mapping images of Ni;N/NF imply that Ni;N
is grown on NF (Figure S6).

3.2. Electrochemical Characterization. The -catalytic
UOR performance was evaluated in 1.0 M KOH containing 0.5
M urea (the concentration screening is shown in Figure S3).
Figure Sa displays the linear sweep voltammetry (LSV) curves
in different electrolytes. It can be seen that the UOR occurs in
a solution containing urea and the OER occurs in a urea-free
solution. Obviously, there is no anodic UOR current density
that can be observed if there is no Ni;N/NF catalyst in urea-
containing KOH solution. The electrode potential of UOR is
1.40 V at 100 mA-cm™?, while it is 1.76 V for OER, implying
that the UOR is more efficient than OER. Furthermore, it can
be found that the conductivity of Ni;N/NF is also the best
(Figure S4).

LSV curves were recorded (Figure Sb). The potentials of
Ni;N/NF, Ni(OH),/NF, Ni/NF, IrO,, and NF are measured
to be 1.34, 1.35, 1.36, 1.55, and 1.58 V, respectively, at 10 mA-
cm™2 Obviously, the potential of Ni;N/NF is the lowest,
meaning that it has the best UOR activity. Furthermore, only
1.40 V is required on Ni;N/NF at 100 mA-cm ™, which is 0.28
V lower than that of IrO,. Additionally, the electrochemical
performance of Ni;N/NF is more superior to those reported in
the literature (Figure S8 and Table S1).

Tafel plots are obtained from LSV curves, which could
evaluate the electrode kinetics of UOR.*® The Tafel slopes of
Ni;N/NF, Ni(OH),/NF, Ni/NF, and IrO, correspond to 41,
50, 58, and 70 mV-dec™}, respectively (Figure Sc and Table
S2). NisN/NF gives the lower Tafel slope than other as-
prepared catalysts, implying its high UOR catalytic activity.
Moreover, the mechanism of surface transport for Ni;N/NF
was also explored, and as shown in Figure 5d, current density is
proportional to scan rates and maintains a good linear
relationship at 1.48 V (inset of Figure 5Sd). This means fast
and efficient charge and mass transport in the catalytic
process.*”** Furthermore, stability is also crucial for UOR.
Figure Se displays the multistep chronopotentiometric curve at
Ni;N/NF. It can be seen that the curve rapidly levels off when
current is applied and is stable for 2 h, and other steps show
the similar results. This process lasts at least 20 h, indicating
the remarkable stability.”” At the same time, chronoamperom-
etry testing (i—t) of Ni;N/NF was also measured at 1.37 V
(Figure Sf). Obviously, the time-dependent curve indicates its
high stability for at least 36 h. Furthermore, the current density
could retain 92.4% of the initial value after 3000 cycles (inset
of Figure Sf). Meanwhile, XRD, XPS, and SEM of Ni;N/NF
after 3000 cycles were measured. They all have only slight
changes (Figure SS), which implies that Ni;N/NF has an
excellent stability.

To study the catalytic activities Ni;N/NF for HER, the LSV
curves in different electrolytes are shown in Figure 6a.
Obviously, there is only 7 mV deviation between electrolytes
with and without urea at 200 mA-cm™>. Figure 6b displays the
LSV curves of the prepared catalysts. Only the overpotential of
188 mV required at 50 mA-cm ™2, and to drive 10 mA-cm™2, the
overpotentials of Ni;N/NF, Ni(OH),/NF, Ni/NF, and Pt/C
are 120, 138, 211, and 44 mV, respectively, which are lower
than those of Ni(OH),/NF and Ni/NF. Meanwhile, the
overpotential of Ni(OH),/NF is lower than that of Ni/NF
because of an excellent Volmer step in HER.*

The Tafel slopes of Ni;N/NF, Ni(OH),/NF, Ni/NF, NF,
and Pt/C are 110, 180, 145, 183, and 58 mV-dec™),
respectively (Figure 6c). Obviously, the Tafel slope of Ni;N/

DOI: 10.1021/acsami.8b19052
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Figure S. (a) LSV curves of Ni;N/NF in 1.0 M KOH containing 0.5 M urea, 1.0 M KOH, and 0.5 M urea, respectively. LSV curves (b) and Tafel
plots (c) of as-prepared materials. (d) LSV curves of Ni;N/NF at different scan rates (inset: the linear relationship at 1.48 V). (e) Multivoltage
process for Ni;N/NF. (f) Chronoamperometric response of Ni;N/NF at 1.37 V (inset: LSV curves for 3000 cycles before and after operation,

respectively).

NF is the closest to Pt/C, suggesting its high catalytic HER
activity. Furthermore, current density and scan rates have a
good linear relationship observed at —0.4 V (inset of Figure
6d).

The electrochemical active surface area (EASA) represents
the effective catalytic area of the catalyst. The larger the value,
the more active sites the catalyst is exposed to. EASA of the as-
prepared catalysts can be reckoned by the relationship between
double-layer capacitance (Cy) and scan rates (v) (Cy x v X
EASA) at the solid—liquid interface.”® The Cy of as-prepared
catalysts was tested using cyclic voltammetry (CV) at scan
rates from S to 50 mV-s™' (Figure S7). Cg values of Ni;N/NF,
Ni(OH),/NF, and Ni/NF are 6.45, 4.50, and 2.30 mF-cm™2,
respectively (Figure 7a). It is clear that the Cy of Ni;N/NF is
the highest, demonstrating that it is beneficial for enhancing
HER activity.”'

Figure 7b presents the chronoamperometric response of
Ni;N/NF at 120 mV. The stability test was conducted for 47 h
with an initial 10 mA-cm™. During the test, we stopped
stirring of the electrolyte and found that the current density

13171

was changed to 7.3 mA-cm™* at the 14 h point. Then, we
continued to increase the stirring speed, and the current
density was changed to 13.5 mA-cm™ at the 15 h point. The
phenomenon implies that the decay of current density may be
related to the gas adsorption or the slow mass transfer.
Additionally, the two semicircles can be observed in the plot of
EIS, as in Figure 7c. The low-frequency semicircle is related to
the changes of the hydrogen desorption impedance (R,4), and
the high frequency semicircle was related to the surface charge
transfer resistance (R).””>> Therefore, we compared the R 4
and R, of Ni;N/NF before and after the stability test (Figure
7d) and found that the value of R, was increased from 2.19 to
2.92 Q and R4 increased from 7.61 to 9.42 €, respectively,
before and after the stability test. Obviously, the value change
of R 4 is greater than R. Based on this result, we may draw
conclusion that the reduction of the current density may be
caused by the changes of the hydrogen desorption impedance
on the catalyst surface; therefore, increasing the stirring speed
can increase the current density.

DOI: 10.1021/acsami.8b19052
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To validate the excellent electrochemical properties of the
Ni;N/NF electrode toward both UOR and HER in alkaline
media, we used Ni;N/NF as both electrodes for UOR and
HER (Ni;N/NF||Ni;N/NF), as shown in Figure 8a. As
observed, the gas bubbles were rapidly generated at both anode
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(CO, and N, through UOR) and cathode (H, through HER).
For comparison, we used Pt/C as the cathode and IrO, as
anode catalysts (Pt/C||IrO,). Driving 50 mA-cm™ in urea
electrolysis requires only a 1.38 V in urea electrolysis, while
this water electrolysis needs a much larger 1.62 V (Figure 8b).
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Obviously, urea electrolysis offers significant electrochemical
activity when compared to water electrolysis. Figure 8c shows
LSV curves of Ni;N/NF||Ni;N/NF and Pt/C||IrO,. At 100
mA-cm ™, the cell voltage of Ni;N/NF|[Ni;N/NF is 1.42 V,
while it is 1.60 V for Pt/C||IrO,. Furthermore, the
chronoamperometric response of Ni;N/NF||Ni;N/NF (Figure
8d) was also tested. The current initially drops slightly because
of active material recombination.’* After 5 h, the time-
dependent curve remains essentially constant, indicating that
Ni;N/NF||Ni;N/NF has an excellent stability.

4. CONCLUSIONS

In summary, nanospheres of Ni;N are supported on Ni foam
and synthesized successfully to form catalyst (Ni;N/NF)
electrodes for both HER and UOR in a water-splitting cell.
This bifunctional electrocatalyst gives the anode potential of
1.34 V versus RHE at 10 mA-cm™* for UOR, while that of IrO,
is higher, and the cathode potential of ~0.188 V versus RHE at
50 mA-cm™ for HER at the same electrolyte. The concurrent
two-electrode electrolyzer (Ni;N/NF||Ni;N/NF) is used to
validate the catalyst, and the results show that the cell achieves
100 mA-cm™2 at 1.42 V, while the cell voltage of the Pt/
C||IrO, cell is 1.60 V. Obviously, the bifunction catalyst has
high potential on both high energy-efficient hydrogen
generation and urea oxidation for waste water treatment.
This study offers a new route to generate significantly efficient
bifunctional catalysts using transition-metal nitride nanoarrays.
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