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ceptors remains a challenge for practical applications. Here, we developed a DUFC system
using Ni2 P@Ni foam as the anode and peroxymonosulfate (PMS) as the chemical oxidizers.

Keywords:

The Ni2 P@Ni foam anode showed a high oxidation activity for UOR with an onset poten-

Direct urea fuel cell (DUFC)

tial of 0.30 V vs. Ag/AgCl and Tafel slope of 34.4 mV/dec. PMS with high theoretical poten-

Ni2 P

tial improved the cell voltage to 1.43 V. A power density of DUFC up to 4.91 mW/cm2 was

Peroxymonosulfate

achieved using PMS at room temperature, which was approximately twice as high as using

Urine

H2 O2 (2.38 mW/cm2 ). NiII /NiIII was the redox active species on the Ni2 P anode in the DUFC
process, and NiII was electrochemically oxidized to NiIII , which reverted to NiII by urea reduction. When real human urine was used as the fuel, a power density of 4.46 mW/cm2 can
be achieved at room temperature. This DUFC with high cell performance showed potential
application in urea wastewater treatment.
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Environmental issues are encumbering the modern society
and draw considerable concerns for the sustainable future
(Kudo and Miseki, 2009; Turner, 2004). Combination of wastewater treatment and energy production is a popular issue in
sustainable development (Xu et al., 2016). Urea, which accounts for 2.0–2.5 wt% of human and animal urine, is the dominant source of N in sewage. In addition, a large amount of urea
used as fertilizer is blended into the soil, causing non-point
∗

source pollution in agriculture (Lan et al., 2010; Xiong et al.,
2019). Urea wastewater contains high nitrogen concentrations
and causes the eutrophication of surface water (Cho and
Hoffmann, 2014). Current approaches to removing urea from
wastewater are to hydrolyze or decompose it into ammonia or
nitrate. However, ammonia and nitrate are the nitrogen pollutants given the concerns associated with eutrophication. Fuel
cell is electrochemical device that is used for converting chemical energy of fuel into electricity. Urine contains abundant
chemical energy (Shen et al., 2019). In this regard, direct urea
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fuel cell (DUFC) is an effective electrochemical method to directly convert chemical energy of urea/urine-rich wastewater
into green and efficient renewable energy (Abraham and Dincer, 2015; Cinti and Desideri, 2015; Senthilkumar et al., 2018;
Xu et al., 2014).
The process of DUFC is composed of a urea oxidation reaction (UOR) at the anode and an oxidant reduction reaction at
the cathode. The overall efficiency of the DUFC depends on
the performance of the UOR and cathodic potential. Unfortunately, UOR suffers from sluggish kinetics due to the electron transfer process (Fan et al., 2017). Therefore, it is necessary to develop efficient electrocatalyst electrodes, which
is the key to improving reaction kinetics (Chen et al., 2015).
Transition-metal-based (Ni, Fe, Mn, Co, etc.) compounds have
been considered promising alternatives because of their tunable properties and abundant reserves on earth (Chen et al.,
2016; Liu et al., 2017; Nong et al., 2015). Previous studies show
that nickel-based catalysts were the most favorable for UOR
(Boggs et al., 2009; King and Botte, 2011; Yan et al., 2012a).
Nickel phosphide electrodes showed high catalytic activity
and durable stability in alkaline electrolytes (Song et al., 2017),
and Matthias’ group reported that nickel phosphide catalysts
had good performance in the application of electrochemical
overall water splitting (Carenco et al., 2013; Menezes et al.,
2016). However, nickel phosphide is rarely used as an electrocatalyst of urea oxidation, and we attempted to explore the
process of urea oxidation on the nickel phosphide electrode.
The chemical oxidizer in the cathode chamber is another
important factor for the performance of DUFC. The first trial
of DUFC using O2 as the chemical oxidizers was performed
nearly 50 years ago in 1973 (Yao et al., 1973). The reactions are
as follows (Urbańczyk et al., 2019):
Anode reaction:
CO(NH2 )2 + 6OH− → N2 + CO2 + 5H2 O + 6e− E = −0.746 V vs NHE

(1)

Cathode reaction:
O2 + 4e− + 2H2 O → 4OH− E = 0.4 V vs NHE

(2)

Overall reaction:
2CO(NH2 )2 + 3O2 → 4H2 O + 2CO2 + 2N2 E = 1.146 V vs NHE

(3)

Using a traditional chemical oxidizers, such as H2 O2 with
a theoretical potential higher than O2 in a basic condition,
is an effective approach to improve the open-circuit voltage
(OCV) of DUFC (Sayed et al., 2019). When H2 O2 is used as the
chemical oxidizers, the direct urea hydrogen peroxide fuel cell
(DUHPFC) cathodic reaction is illustrated in Eq. (4), and the
theoretical cell voltage is 2.509 V (Guo et al., 2016). Moreover,
Zhu et al. (2016) proved that O2 could be reduced to H2 O2 ,
which acted as the chemical oxidizers to enhance the performance of DUFC.
However, the decomposition of H2 O2 into H2 O and O2 is one
of the main weak points for the application of H2 O2 as the
chemical oxidizers in fuel cells. Thus, the new electron acceptor with a more stable and higher theoretical potential than
H2 O or O2 is required to increase the cell voltage and power
output. Peroxymonosulfate (PMS) has been considered an alternative oxidizing agent in water treatment systems, and has
several advantages: (1) PMS is a strong oxidizer with higher
redox potential than H2 O2 (Eq. (5)); (2) the aqueous solution of
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PMS is acidic, so no additional sulfuric acid is required; (3) PMS
has higher chemical stability in transportation and storage,
lower cost and longer half-life than H2 O2 (Zhu et al., 2019).
3H2 O2 + 6H+ + 6e− → 6H2 O E = 1.76 V vs NHE

(4)

−
+
−
3HSO−
5 + 6H + 6e → 3HSO4 + 3H2 O E = 1.82 V vs NHE (5)

In this work, a DUFC was developed using Ni2 P@Ni foam as
the anode and PMS as the chemical oxidizers. Ni2 P nanosheet
on the conductive Ni foam was reasonably synthesized using the hydrothermal method and phosphidization. PMS and
H2 O2 as the chemical oxidizers were compared to examine
the effect of cathodic oxidants for DUFC. The effects of the
KOH and urea concentrations on DUFC performance were discussed using the synthetic urea solution. We also tested the
DUFC performance with human urine as the anolyte from
concept to practice. Finally, to propose the reaction mechanism for the DUFC at the Ni2 P electrode under alkaline condition, in situ Raman spectroscopy was applied and demonstrated that NiII /NiIII was the redox active species.

1.

Experiments

1.1.

Chemicals

Urea
(H2 NCONH2 ),
nickel
nitrate
hexahydrate
(Ni(NO3 )2 •6H2 O), ammonium fluoride (NH4 F), sodium hypophosphite (NaH2 PO2 ), potassium hydroxide (KOH), sulfuric
acid (H2 SO4 ), hydrochloric acid (HCl), acetone (CH3 COCH3 ),
ethanol (CH3 CH2 OH), Ni foam (1.6 mm), and cation exchange membrane (Nafion 117, Dupont) were purchased from
Sinopharm Chemical Reagent. PMS (2KHSO5 •KHSO4 •K2 SO4 )
was purchased from Aladdin Chemistry Co. Ltd., China. All
chemicals were used as obtained without any further purification. Milli-Q water (ρ = 18.2 M•cm) produced on a Milli-Q
purification system (Millipore, Billerica, MA) was used in all
experiments.

1.2.

Fabrication of the Ni2 P@Ni foam electrode

The Ni foams were cut into rectangle (2 × 3 cm) shapes. Firstly,
the Ni foams were sequentially soaked in acetone, 3 mol/L
HCl, ethanol, and ultra-pure water in an ultrasonic way about
15 min to remove the organic matters and the surface oxide layer. Secondly, the Ni(OH)2 @Ni foam precursor was synthesized by a hydrothermal method. 4 mmol Ni(NO3 )2 •6H2 O,
8 mmol NH4 F, and 8 mmol urea were dissolved in 100 mL water under magnetic stirring for 10 min. Nickel foams were put
into the above solution, then transferred to a 40 mL Teflonlined stainless-steel autoclave. After hydrothermal treatment
at 100 °C for 10 hr, the products were obtained and washed
by ultra-pure water, ethanol, ultra-pure water in sequence,
then dried at 60°C in oven overnight. Thirdly, the NaH2 PO2
and Ni(OH)2 @Ni foam precursor were placed in two separate
quartz boats with the former at the upstream and the latter
at the downstream in the tube furnace. Finally, two quartz
boats were heated at 300 °C for 120 min under N2 atmosphere
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with a heating rate of 2 °C/min and then naturally cooled to
room temperature under N2 . The materials were collected for
the morphology characterizations and electrochemical experiments.

1.3.

Material characterizations

Field emission scanning electron microscope (FE-SEM, HITACHI SU8020, Japan) imaging was performed to investigate
the morphology of the electrodes with an energy-dispersive
X-ray spectroscopy system (EDX); X-ray diffraction (XRD) was
carried out on a diffractometer (Panalytical X’Pert Pro, Netherlands) with Cu Kα radiation (k = 1.5418 Å). X-ray photoelectron
spectroscopy (XPS) measurements were recorded on a Perkin–
Elmer PHI-5300 ESCA system operating at Al Kα source. In situ
Raman spectra were conducted using a confocal Raman microscope (Horiba Scientific HR800, France) with a wavelength
of 514 nm and a power of 0.6 mW at the sample surface.

1.4.

foam electrode as the anode. In addition, we collected urine
from healthy people as the anolyte for experimental study,
and 3 mol/L KOH was added into the human urine before the
experiment.

Electrochemical measurements and DUFC tests

UOR electrochemical measurements were taken on a CHI
660D electrochemical analyzer using a standard threeelectrode system. Ni2 P@Ni foam (1 × 1 cm2 ) was employed as
the working electrode, a platinum plate (Pt) was utilized as the
counter electrode, and an Ag/AgCl (saturated) electrode was
used as the reference electrode. The potentials were calculated by ERHE = Egad/AgCl + 0.197 V + 0.0591 × pH. The synthetic
solution in the UOR electrochemical measurements contained
0.33 mol/L urea. The concentration of urea in freshly extracted
human urine was 0.33 mol/L, which corresponded to previously reported values (Boggs et al., 2009). Both linear sweep
voltammetry (LSV) and Tafel slope were performed at a rate
of 10 mV/s for the polarization curves, the testing electrolytes
were 3 mol/L KOH with 0.33 mol/L urea. Tafel slope value was
quite meaningful for the understanding of the process of electrochemical reaction because it is closely related to the reaction kinetics. Cyclic Voltammetry (CV) was tested in 1 M
KOH. The electrochemical surface area (ECSA) was examined
to gain the double-layer capacitance (Cdl ), which is related
to the number of available active sites. CV test was used for
the ECSA measurement in 3 mol/L KOH. The scanning voltage range was increased from −0.13 to −0.04 V (vs. Ag/AgCl)
with scan rates of 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 mV/s.
Electrochemical impedance spectroscopy (EIS) was performed
at a frequency between 0.01 Hz and 100 kHz. All electrochemical measurements were conducted at room temperature (25
°C).
The process of DUFC was composed of the electrooxidation of urea in the anolyte and the electroreduction of
oxidants in the catholyte. A cation exchange membrane (CEM,
Nafion 117, DuPont) was inserted as a polymer electrolyte to
separate the anode and cathode chambers. The as-prepared
electrodes (Ni2 P@Ni foam, Ni(OH)2 @Ni foam, Ni foam) worked
as the anode catalyst to compare the DUFC performance, and
a platinum plate (Pt) was utilized as cathode. To assess the
role of different oxidants on the performance of DUFC, experiments were performed in a catholyte with 2 mol/L H2 O2 in
2 mol/L H2 SO4 and 1 mol/L PMS. The effects of the concentration of urea and PMS were investigated with the Ni2 P@Ni

2.

Results and discussion

2.1.

Morphological properties and chemical structure

XRD patterns of the Ni2 P@Ni foam displayed a series of
peaks at 2θ of 40.71°, 47.36°, and 54.19°, which correspond
to the (111), (210), and (300) planes of face centered-cubic
Ni2 P (PDF-74-1385), respectively (Fig. 1a) (Zhang et al., 2018).
The porous structure of the three-dimensional nickel foam
provided a conducting network for fast electron conduction,
which is beneficial for electrocatalysis (Appendix A Fig. S1).
The SEM images of Ni2 P@Ni foam (Fig. 1b) showed that Ni2 P
is densely and uniformly distributed on the entire surface
of the nickel foam substrate. From the higher magnification
SEM image (Fig. 1c), Ni2 P was composed of many homogenized nanosheets. Ni(OH)2 @Ni foam also showed a nanosheet
structure, in Appendix A Fig. S2. The elemental mapping analysis of the Ni2 P@Ni foam by SEM (Fig. 1d) confirms the uniform distribution of Ni and P with an atomic ratio of 1.14:0.57.
The surface chemical states of the Ni2 P@Ni foam electrode
and Ni foam were analyzed by XPS, as shown in the survey
spectrum in Appendix A Fig. S3a. Both Ni and P were present
in the composite Ni2 P@Ni Foam electrode, but P was not observed in the bare Ni foam. The Ni 2p spectra of the composite
of Ni2 P/Ni foam (Appendix A Fig. S3b) consisted of the typical spin-orbit characteristics of Ni 2p3/2 and Ni 2p1/2 and the
shakeup satellite peaks, which was consistent with the previous report (Xiong et al., 2019). Appendix A Fig. S3c illustrated
the P 2p spectrum of the composite Ni2 P@Ni Foam electrode,
where the peak at 131.5 eV was ascribed to the P 2p electron
orbit.

2.2.

Electrochemical measurements

To evaluate the UOR performance using the three Ni-based
electrodes (Ni2 P@Ni foam, Ni(OH)2 @Ni foam and pure Ni foam)
as the anode, a series of electrochemical tests (LSV, Tafel slope,
CV, EIS and ECSA) was performed. Fig. 2a shows the LSV curves
of the three electrodes. Obviously, at 0.6 V vs. Ag/AgCl, the
Ni2 P@Ni foam achieved a current density of 372 mA/cm2 ,
which was higher than that on Ni(OH)2 @Ni foam (224 mA/cm2 )
and Ni foam (149 mA/cm2 ). Recent reports about UOR electrocatalyst electrodes were summarized in Appendix A Table S1,
which illustrated that the Ni2 P@Ni foam nanosheet had a lowest onset potential (0.3 V) for UOR.
The Tafel slope value was shown in Fig. 2b, and the derived
Tafel slope of Ni2 P@Ni foam is 34.4 mV/dec, which was lower
than those of Ni(OH)2 @Ni foam (37.6 mV/dec) and Ni foam
(44.2 mV/dec), indicating an excellent kinetics of Ni2 P@Ni
foam for UOR. As observed in the CV plots (Appendix A Fig.
S4), the shift in oxidation peak indicated that the oxidation
on the Ni2 P@Ni foam electrode was a diffusion-controlled process. Since the number of available active sites was related
to the double-layer capacitance (Cdl ), the ECSA measurement
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Fig. 1. – (a) XRD patterns of Ni2 P/Ni Foam; (b,c) SEM images of Ni2 P@Ni foam; (d) the element mapping of Ni, P in Ni2 P@Ni
foam.

was conducted and was shown in Appendix A Fig. S5. The Cdl
values of Ni2 P@Ni foam, Ni(OH)2 @Ni foam, and Ni foam were
2.48, 2.36, and 2.14 mF/cm2 , respectively. Furthermore, EIS was
performed and was provided in Appendix A Fig. S6. The results
demonstrated that Ni2 P@Ni foam had a lower charge transport resistance than Ni(OH)2 @Ni foam and Ni foam, which
also contributed to its good UOR performance. Fig. 2c showed
the LSV curves of the Ni2 P@Ni foam electrode in KOH solution with urea. In 3 mol/L KOH solution (black line), an anodic peak at 0.46 V vs. Ag/AgCl was observed, which corresponds to the oxidation of Ni(OH)2 to NiOOH, as shown in
Eq. (1). In 0.33 mol/L urea with 3 mol/L KOH medium (red
line), the anodic current density drastically increased at voltages above 0.40 V vs. Ag/AgCl, which suggested that the urea
oxidation occurred on the Ni2 P@Ni foam electrode. Based on
the previous research, when urea was present in the KOH
medium, the regeneration of Ni(OH)2 species accelerated the
loss of reversibility of the NiOOH/Ni(OH)2 couples; hence, the
anodic current density tremendously increased (Ji et al., 2013;
Vedharathinam and Botte, 2012; Yan et al., 2012b). CA experiments (Fig. 2d) and LSV (Fig. 2d, inset) were further performed
to study the catalytic durability of the Ni2 P@Ni foam electrode.
The current density was substantially constant over 24 hr, and
the LSV curve was almost unchanged, which reveals the great
stability of the Ni2 P@Ni foam electrode.
It is well known that urea oxidation is a central chemical
reaction in the area of DUFC; the concentrations of KOH and
urea are important factors to UOR. The effect of the KOH concentration in the UOR process on the Ni2 P@Ni foam electrode
was illustrated in Appendix A Fig. S7a. The onset potential of
UOR gradually moved from 0.34 to 0.16 V when the KOH concentration increased from 1 to 10 mol/L. There were two reasons for this phenomenon: KOH participated in the urea electrochemical oxidation process (Eq. (1)), and KOH can enhance

the pH value (Xiong et al., 2019). The increase in the opencircuit voltage over 3 mol/L KOH was slight (Appendix A Fig.
S7b), and it was uneconomical and unnecessary to add KOH
excessively in the electrolyte. Therefore, the optimal concentration of KOH was 3 mol/L to react with 0.33 mol/L urea. In
Appendix A Fig. S7c, the current density increased when the
urea concentration increased from 0.01 to 1.0 mol/L with the
constant KOH concentration of 3 mol/L, which indicates that
the Ni2 P@Ni foam had satisfactory performance in high-ureaconcentration urea treatment.

2.3.

DUFC performance

The three as-prepared electrodes (Ni2 P@Ni foam, Ni(OH)2 @Ni
foam and Ni foam electrode) were used as the anode of DUFC,
and the test results are displayed in Fig. 3a. Clearly, the opencircuit voltage and peak power density of the three DUFCs
were in the sequence of Ni2 P@Ni foam > Ni(OH)2 @Ni foam >
Ni foam. Moreover, the DUFC performance for the three electrodes were estimated when O2 was used as the chemical oxidizer, as shown in Appendix A Fig. S8. Thus, the Ni2 P@Ni foam
electrode was used as the anode in the following research. It
is well known that the cathodic potential limited the performance of DUFC. PMS and O2 were used as the chemical oxidizers for DUFC and compared, and the results were shown
in Appendix A Fig. S9. A peak power density of 4.91 mW/cm2
and an OCV of 1.43 V were obtained in DUFC with PMS as
the chemical oxidizer. With O2 as the chemical oxidizer, the
peak power density and OCV were 0.31 mW/cm2 and 0.75 V,
respectively. Some researchers used H2 O2 as the chemical oxidizer to increase the cathodic potential to improve the cell
performance in the recent studies (Cao et al., 2010; Gu et al.,
2007; Lao et al., 2010; Zhang et al., 2013). However, the application of H2 O2 in DUFC remained limited due to the low
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Fig. 2. – (a) LSV plots of as-prepared Ni2 P@Ni foam, Ni(OH)2 @Ni foam and Ni foam electrode at a scan rate of 5 mV/s under
3 mol/L KOH and 0.33 mol/L urea conditions; (b) The corresponding Tafel slopes of Ni2 P@Ni foam, Ni(OH)2 @Ni foam and Ni
foam electrode in 3 mol/L KOH and 0.33 mol/L urea; (c) LSV curves of Ni2 P@Ni foam electrode in 3 mol/L KOH in presence
(red)/absence (black) of 0.33 mol/L urea at a scan rate of 5 mV/s; (d) CA curve at a constant current density of 10 mA/cm2 for
the Ni2 P@Ni foam electrode in 0.33 mol/L urea and 3 mol/L KOH (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.).

Fig. 3. – (a) DUFC performance on the Ni2 P@Ni foam, Ni(OH)2 @Ni foam and Ni foam as anode electrode in 3 mol/L KOH,
0.33 mol/L urea and 1 mol/L PMS electrolyte; (b) DUFC performance of using different chemical oxidizers: H2 O2 (2 mol/L
H2 O2 + 2 mol/L H2 SO4 ), PMS (1 mol/L), respectively; (c) effect of different concentrations of PMS in cathodic electrolyte,
Ni2 P@Ni foam as the anode and 0.33 mol/L urea with 3 mol/L KOH was used as anodic electrolyte; (d) the DUFC performance
of human urine as a fuel and 1 mol/L PMS electrolyte.
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Fig. 4. – Potential dependent in situ Raman spectra of Ni2 P@Ni foam anode without urea (a) and with urea (b); Time
dependent in situ Raman spectra of Ni2 P@Ni foam anode without urea (c) and with urea (d).

oxidation potential and instability of H2 O2 (Dow et al., 1997).
PMS and H2 O2 as chemical oxidizers for DUFC were compared,
and the results were shown in Fig. 3b. The open-circuit voltage (OCV) and peak power density of the PMS as the chemical
oxidizer were approximately 1.43 V and 4.91 mW/cm2 , respectively, which were larger than those of H2 O2 as the chemical
oxidizer (1.21 V and 2.38 mW/cm2 ). It was also higher than
the DUFC power density (1.12 mW/cm2 ) in previous research
(Yoon et al., 2019). The enhanced DUFC performance may be
due to the higher theoretical oxidation potential (1.82 V vs.
NHE) and better chemical stability of PMS than H2 O2 in transport and storage.
The effect of the PMS concentration in the catholyte on the
DUFC performance was shown in Fig. 3c. The OCV and peak
power density of DUFC strongly depended on the PMS concentration and notably improved with the increase in PMS concentration. The OCV of DUFC was improved from 1.20 to 1.43 V,
and the peak power densities raised from 2.25 to 4.91 mW/cm2
with the PMS increased from 0.1 to 1 mol/L. The improved
DUFC performance was likely because high PMS concentration leads to high cathodic potential, which was beneficial for
the electron transfer. Appendix A Fig. S10 showed the effect of
urea concentration in the anolyte on the DUFC performance.
The OCV values at 0.1, 0.33 and 0.7 mol/L were 1.04, 1.43 and
1.45 V, and the corresponding peak power densities were 4.29,
4.91 and 5.01 mW/cm2 , respectively. The increase in urea concentration can be attributed to the improved OCV and peak
power density, which suggested that this DUFC system had excellent performance for high-urea-concentration water treatment.
The DUFC performance with human urine as the fuel was
shown in Fig. 3d. Urine had higher OCV (1.61 V) than urea

(1.43 V). The peak power densities (4.51 mW/cm2 ) appeared
in the range of low current density, which was slightly lower
than the urea solution (4.91 mW/cm2 ). These results may be
caused by inorganic salts, organic compounds and bacterium
in urine. The excellent cell performance indicates that urine
is a promising fuel in DUFC.

2.4.
Mechanism of urea oxidation in the DUFC process at
the Ni2 P anode
To better gain insights into electrochemical catalytic oxidation processes, the changes of chemical species on the electrode surface must be identified. In general, the active sites
of metal-based catalysts (e.g., metal nitrides, phosphides, and
borides) for the electrochemical oxidation were the thin layer
of hydroxide on the surface (Masa et al., 2016; Menezes et al.,
2016). Thus, in situ Raman spectroscopy was used to find the
nature of active species on the surfaces.
Fig. 4a and b showed the potential-dependent in situ Raman spectra of Ni2 P@Ni foam electrode acquired in the absence and presence of 0.33 mol/L urea in 3 mol/L KOH medium,
respectively. Various voltage parameters of the in situ Raman
experiment were obtained from the LSV curves (Fig. 2c) to investigate the active species on the surfaces during the UOR.
The oxidation peak (0.3–0.45 V vs. Ag/AgCl) of NiII /NiIII was
clearly observed in the 3 mol/L KOH medium without urea,
and the oxidation peak at 473 and 556 cm−1 correspond to the
Ni-O bending and Ni-O stretching vibrations characteristic of
NiOOH, respectively (Desilvestro et al., 1986; Sun et al., 2017;
Yeo and Bell, 2012). The intensity of doublet peaks diminished
in the oxygen generation region above 0.50 V vs. Ag/AgCl, as
shown in the CV curves (Fig. 2c). When 0.33 mol/L urea was
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Fig. 5. – The conversion process of urea at Ni2 P@Ni foam anode.

added to the 3 mol/L KOH medium (Fig. 4b), the doublet peaks
of NiOOH did not appear till 0.40 V. It is reasonable to conclude
that NiIII first formed on the surface of Ni2 P and subsequently
reverted to NiII by quickly capturing the electrons from
urea.
Time-resolved in situ Raman spectra were obtained for the
Ni2 P@Ni foam electrode surface to observe the changed chemical state of nickel by urea during the DUFC process. Fig. 4c
and d illustrated the spectra in the absence and presence of
0.33 mol/L urea in the 3 mol/L KOH medium, respectively. The
spectra acquired in 3 mol/L KOH solution (Fig. 4c) had doublet
peaks at 473 and 556 cm−1 , which correspond to Ni-O bending and Ni-O stretching. The intensity of the NiOOH peak did
not change or disappear during 60 min. A similar experiment
was performed in 0.33 mol/L urea with 3 mol/L KOH solution,
and the corresponding Raman spectra are shown in Fig. 4d. No
peaks were observed in the Raman spectra, which suggested
that NiOOH had been chemically reduced to Ni(OH)2 by urea.
The obtained results strongly indicated that NiII /NiIII on the
surface of the electrode were redox active species in the DUFC
process.
According to these experimental results, the conversion
process of urea over an Ni2 P anode was proposed in Fig. 5. NiII
was electrochemically oxidized to NiIII in alkaline condition,
which catalyzed the reaction of urea oxidation. The final decomposition product of urea was nitrogen gas and the reaction pathway were shown in the dashed box (Daramola et al.,
2010). In addition, electrons were transferred to the cathode.
PMS accepted the electrons from the anode and was reduced
into SO4 2− ions in the cathode solution.

3.

Conclusions

In this work, the Ni2 P@Ni foam electrode with nanosheet
structure was synthesized using the hydrothermal method
and phosphidization. The resulting Ni2 P@Ni foam, as a robust 3D nanosheet anode, showed an onset potential of 0.30 V
vs. Ag/AgCl and a small Tafel slope of 34.4 mV/dec towards
UOR. The OCV and peak power density of DUFC with PMS

as the chemical oxidizer were approximately 1.43 V and
4.91 mW/cm2 , respectively. The in-situ Raman spectra demonstrated that NiII /NiIII acted as redox active species in the UOR
or DUFC process, which confirmed the chemical reduction of
NiIII to NiII species by urea. This DUFC also exhibited high
power density with human urine as a fuel, which suggested
that it holds a potential for purification and electricity generation in real urine treatment.
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Urbańczyk, E., Maciej, A., Stolarczyk, A., Basiaga, M., Simka, W.,
2019. The electrocatalytic oxidation of urea on
nickel-graphene and nickel-graphene oxide composite
electrodes. Electrochim. Acta 305, 256–263.
Vedharathinam, V., Botte, G.G., 2012. Understanding the
electro-catalytic oxidation mechanism of urea on nickel
electrodes in alkaline medium. Electrochim. Acta 81, 292–300.
Xiong, P., Ao, X., Chen, J., Li, J.G., Lv, L., Li, Z., Zondode, M., et al.,
2019. Nickel diselenide nanoflakes give superior urea
electrocatalytic conversion. Electrochim. Acta 297, 833–841.
Xu, W., Wu, Z., Tao, S., 2016. Urea-based fuel cells and
electrocatalysts for urea oxidation. Energy Technol. 4,
1329–1337.
Xu, W., Zhang, H., Li., G., Wu, Z., 2014. Nickel-cobalt bimetallic
anode catalysts for direct urea fuel cell. Sci. Rep. 4, 5863.
Yan, W., Wang, D., Botte, G.G., 2012a. Electrochemical
decomposition of urea with Ni-based catalysts. Appl. Catal. B.
Environ. 127, 221–226.
Yan, W., Wang, D., Botte, G.G., 2012b. Nickel and cobalt bimetallic
hydroxide catalysts for urea electro-oxidation. Electrochim.
Acta 61, 25–30.
Yao, S.J., Wolfson, S.K., Ahn, B.K., Liu, C.C., 1973. Anodic oxidation
of urea and an electrochemical approach to de-ureation.
Nature 241, 471–472.
Yeo, B.S., Bell, A.T., 2012. In Situ Raman study of nickel oxide and
gold-supported nickel oxide catalysts for the electrochemical
evolution of oxygen. J. Phys. Chem. C 116, 8394–8400.
Yoon, J., Lee, D., Lee, Y.N., Yoon, Y.S., Kim, D.J., 2019. Solid solution
palladium-nickel bimetallic anode catalysts by co-sputtering
for direct urea fuel cells (DUFC). J. Power Sources 431, 259–264.
Zhang, H., Gu, C.D., Huang, M.L., Wang, X.L., Tu, J.P., 2013.
Anchoring three-dimensional network structured Ni–P
nanowires on reduced graphene oxide and their enhanced
electrocatalytic activity towards methanol oxidation.
Electrochem. Commun. 35, 108–111.
Zhang, K., Zhang, G., Qu, J., Liu, H., 2018. Intensification of anodic
charge transfer by contaminant degradation for efficient H2
production. J. Mater. Chem. A 6, 10297–10303.
Zhu, S., Li, X., Kang, J., Duan, X., Wang, S., 2019. Persulfate
activation on crystallographic manganese oxides: mechanism
of singlet oxygen evolution for nonradical selective
degradation of aqueous contaminants. Environ. Sci. Technol.
53, 307–315.
Zhu, X., Dou, X., Dai, J., An, X., Guo, Y., Zhang, L., et al., 2016.
Metallic nickel hydroxide nanosheets give superior
electrocatalytic oxidation of urea for fuel cells. Angew. Chem.
Int. Ed. Engl. 55, 12465–12469.

