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A B S T R A C T   

As an alternative anodic reaction to water oxidization (oxygen evolution reaction, OER), the urea oxidization 
reaction (UOR) is promising due to its favorable thermodynamics. However, reliance of the proper Ni oxidization 
state and passivation at high potentials render UOR by Ni-based catalysts inefficient and impractical. Herein, the 
anodic characteristics of the conventional NiFe-layered double hydroxide (NiFe-LDH) catalyst are investigated in 
a urea-containing alkaline electrolyte. Fe3+ and derivative Ni2+δ cations are identified as the UOR active sites 
before and after Ni oxidization and both UOR and OER are observed simultaneously at high potentials. The 
number of active sites increases at high potentials and internal atoms are activated as well. For further 
improvement, plasma processing is employed to produce layer reconstruction on the NiFe-LDH slabs in a 
controllable fashion, leading to left-shifting of the Ni oxidization threshold and enhanced UOR activity. The 
assembled urea-assisted hydrogen evolution device is demonstrated to have better energy-saving and 
passivation-avoiding characteristics.   

1. Introduction 

In order to reduce the environmental impact, electrocatalysis is the 
ideal strategy for hydrogen generation, carbon dioxide reduction, and 
contaminants degradation [1–5]. However, in conventional water oxi
dization using electrolytic devices, the oxygen evolution reaction (OER) 
occurring on the anode consumes most of the electrical power. For 
example, 92.2% of the energy is consumed by OER in reduction of 
carbon dioxide to form carbon oxide according to the thermodynamic 
calculation [6]. In recent years, urea [7–9], hydrazine [10–12], and 
biomass [6,13–16] oxidization has been proposed as alternative anodic 
reactions [17]. Among them, the urea oxidization reaction (UOR) is 
meaningful in mitigating environmental problems such as sewage 
disposal leading to excessive urea release (high-valance nitrogen com
pounds) [8]. Nonetheless, owing to the multiple electron transfer pro
cess in these reactions, the reaction kinetics is sluggish and must be 

improved. 
UOR with a favorable thermodynamic potential (0.37 V) is a prom

ising alternative anodic reaction that consumes about 70% less energy 
than OER in theory [18]. However, most electrocatalysts with limited 
functional sites cannot overcome the six-electron transfer energy barrier 
resulting in unsatisfactory overpotentials. For example, although 
advanced Ni-based catalysts are effective because the UOR potential is 
lower than that in OER, most onset potentials in UOR are around 1.3 V 
vs. RHE, as summarized by You et al. [17] The problem stems from the 
reliance of the oxidation state of Ni-based materials. The derived high 
valance states of Ni cations at the anodic potentials are identified to be 
active and the reaction is more likely to proceed through the chemical 
pathway. However, it has recently been shown that the NiFe(CN)6 
catalyst can catalyze UOR with low-valance Ni cations [9] thus 
complicating the origin of the activity of the Ni-based materials. 

In evaluating the effectiveness of catalysts, the high potential 
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operation in addition to onset potential must be taken into consider
ation. A typical example is Ni(OH)2, which shows an impressive onset 
potential, but exhibits a peak current (passivation) at high potentials as 
revealed by cyclic voltammetry (CV) [19,20]. The competing OER may 
be responsible for passivation in UOR since accumulation of OER in
termediates at high potentials poisons the active sites and consequently 
reduces the currents [7]. Designing a catalyst with intrinsic thermody
namic superiority is an effective strategy to avoid passivation, but since 
the UOR activity depends on the oxidation state of the electrocatalyst, 
reduction of the onset potentials alone may not be the best strategy. On 
the other hand, from the perspective of mitigating energy consumption 
in electrocatalytic hydrogen generation or carbon dioxide reduction, 
performing OER and UOR in concert in the high potential region may 
offer a better solution. One of the promising electrocatalysts is the 
NiFe-layer double hydroxide (NiFe-LDH), which shows favorable ther
modynamics in OER and superior oxidizing ability after phase recon
struction at high potentials [21,22]. However, there have been few 
reports about UOR at high potentials. Moreover, although NiFe-LDH is 
effective in UOR in terms of the onset potential [23,24], the activity 
origin or mechanism is not well understood due to the changes of the 
materials during the process. 

Herein, using thin NiFe-LDH nanosheets self-anchored on the Ni 
foam as an example, the dynamic active sites during UOR at various 
potentials are investigated systematically by operando, quasi-operando, 
and time-varying methods in addition to steady-state measurements and 
transient electrochemical techniques. Argon (Ar) plasma processing is 
further employed to produce restacking of the NiFe-LDH nanosheets to 
improve the UOR characteristics and elucidate the activity origin. 
Finally, the feasibility and advantages of the urea-assisted electro
catalytic hydrogen generation system such as energy-saving are 
demonstrated using NiFe-LDH as the anode. 

2. Experimental methods 

2.1. Materials and chemicals 

Ni(NO3)2⋅6 H2O (~99.9%), Fe(NO3)3⋅9 H2O (~98.5%), urea 
(~99.0%), and KOH (~ 90.0%) were purchased from Sigma Aldrich. 
The Ni foam (thickness: 1.6 mm; bulk density: 0.45 g cm− 3) was pur
chased from Goodfellow. All the chemicals used were analytical grade 
and deionized water was used throughout the experiments. 

2.2. Synthesis of NiFe-LDH nanosheets on Ni foam 

The NiFe NiFe-LDH nanosheets were self-anchored on the Ni foam (2 
cm × 4 cm) by a hydrothermal method. The bare Ni foam was sonicated 
in 20% HCl, acetone, and deionized water for 15 mins sequentially and 
then 0.75 mmol Ni(NO3)2⋅6 H2O, 0.25 mmol Fe(NO3)3⋅9 H2O, and 6 
mmol urea were dissolved in 45 mL of deionized water to form a ho
mogeneous solution by vigorous stirring. Afterwards, the Ni foam was 
immersed in the solution, transferred to a 50-mL Teflon-lined autoclave, 
sealed, and maintained at 120 ◦C for 10 h. After cooling to room tem
perature naturally, the sample was removed, rinsed with ethanol and 
deionized water successively, and dried at 40 ◦C for 6 h in air. 

2.3. Plasma processing of NiFe-LDH 

The dry NiFe-LDH on the Ni foam was transferred to a high vacuum 
capacitively-coupled plasma (CCP) reactor and processed in an Ar 
plasma. The discharge power was 40 W, pressure was 20 mT, and Ar 
flow rate was 20 sccm. The NiFe-LDH-0, NiFe-LDH-20, NiFe-LDH-40, 
NiFe-LDH-60 samples to be used as NiFe-LDH electrodes were plasma 
treated for 0, 20, 40, and 60 min, respectively. 

2.4. Synthesis of Ni(OH)2 and plasma-processed Ni foam electrodes 

The Ni(OH)2 electrode was synthesized hydrothermally as described 
in Ref. 7. The Ni foam was transferred to the high vacuum CCP reactor 
and etched by the Ar plasmas for 30 min using a discharge power of 20 
W, pressure of 20 mT, and Ar flow rate of 20 sccm. 

2.5. Materials characterization 

The XRD patterns were obtained on the Rigaku Smartlab X-ray 
diffractometer. Sample alignment was performed before the test and in 
the quasi-operando measurement, XRD was carried out within 5 min after 
the electrochemical measurement. The scanning rates in the small-angle 
and full tests were 0.5◦ min− 1 and 10 min− 1, respectively. SEM was 
performed on the Thermo scientific Quattro S and TEM was conducted 
on the FEI Tecnai G2 F20. The XPS spectra were acquired on the Thermo 
scientific Escalab 250Xi. The C 1 s peak at 284.6 eV was used to calibrate 
the XPS spectra. Raman scattering was carried out on the HORIBA Sci
entific Lab RAM HR Raman spectrometer using the 514.5 nm green laser 
excitation and in the operando Raman experiments, the spectra were 
acquired under the specific electrochemical conditions (given voltages 
in the Amperometric i-t technique). 

2.6. Electrochemical assessment 

CV, LSV, EIS, i-t amperometry, and OCP-time measurements were 
conducted on the CHI 660E potentiostat equipped with a typical three- 
electrode system, in which the Hg/HgO electrode (filled with 1 M KOH) 
and graphite were the reference and counter electrodes, respectively. 
The Pt wire counter electrode was used in the operando Raman scattering 
test. The OER and UOR electrolytes were 1 M KOH and 1 M KOH with 
0.5 M urea, respectively. The distance between the working electrode 
and counter electrode was approximately 1.5 cm and all the measure
ments were conducted at room temperature. The CV and LSV curves 
were obtained at a scanning rate of 5 mV s− 1 except the activation 
process (10 mV s− 1). To be practical and reflect the operating conditions 
in the high potential region, the potentials were not iR corrected unless 
otherwise stated. The UOR potentials were derived from the forward 
sweep, whereas the OER potentials were the values in the backward 
sweep. The current densities were recorded based on the geometric area 
unless otherwise stated (mA cm− 2). EIS was performed with an alter
nating current voltage amplitude of 5 mV and the stability was evaluated 
according to successive amperometry i-t curves and 
chronopotentiometry. 

3. Results and discussion 

3.1. UOR on NiFe-LDH 

The NiFe-LDH nanosheets (200–500 nm in size and ~10 nm thick) 
are prepared on the Ni foam by a simple hydrothermal method and 
analyzed using a three-electrode system as mentioned above. Fig. 1a 
shows the cyclic voltammetry (CV) curves of the NiFe-LDH electrode in 
the urea-containing and urea-free electrolytes showing that UOR occurs 
before OER. Analysis of the kinetics reveals that the onset potential in 
UOR is independent of the urea concentration after addition of 0.1 M 
urea and the current densities at high potentials are stable when the urea 
concentration reaches 0.5 M (Fig. S1). Therefore, 0.5 M urea is used in 
our subsequent experiments and analysis. Because of the fast UOR or 
OER response, the oxidization peak of Ni (Ni(OH)2/Ni2+δOxHy) is 
covered. In the UOR curve, the electro-reduction peak of the derivative 
Ni2+δOxHy (NiOOH and NiOx) is suppressed and the backward sweep 
current is larger than that in the forward one, suggesting that Ni2+δOxHy 
is likely to oxidize urea spontaneously. Because the more robust inter
action with –OH of Fe cations (Lewis acid) on NiFe-LDH results in right- 
shifting of the Ni oxidization peak (Ni2+/Ni2+δ) [25,26], the onset 
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potential of UOR is negative compared to the Ni oxidization threshold 
(peak overlapping with that in OER). Hence, UOR on the NiFe-LDH 
electrode can occur on both the pristine NiFe-LDH and derivative 
Ni2+δOxHy. In the comparative study of the UOR characteristics with the 
conventional Ni(OH)2 catalyst, NiFe-LDH shows no prominent passiv
ation peak and the current density surpasses that of Ni(OH)2 after 0.81 
V, despite the onset potential superiority of Ni(OH)2 (Fig. 1b). Regard
less of the origin of the current contribution, the excellent electro
chemical characteristics divulge obvious advantages of NiFe-LDH in 
urea-assisted electrocatalysis, especially in terms of energy-saving. 

3.2. Active sites in the low potential region 

Operando Raman scattering is carried out to monitor the surface 
evolution as shown in Fig. S2 and the Raman scattering spectra of NiFe- 
LDH acquired from the open circuit potential (OCP) to 0.7 V in UOR are 
displayed in Fig. 1c. Besides the peak at 1004 cm− 1 assigned to sym
metrical C–N stretching of urea molecules [8,27], the two peaks at 
455 cm− 1 and 527 cm− 1 are attributed to the Ni2+–OH and Fe3+–OOH 
stretching modes, respectively [25,28,29]. As the potential increases, 
the initial peak remains stable until 0.50 V and afterwards, the 

Ni3+–OOH depolarized Eg mode (bending vibration) at 473 cm− 1 and 
polarized A1 g mode (stretching vibration) at 560 cm− 1 dominate sug
gesting formation of the γ-NiOOH phase [8,29,30]. Because of the 
resonance effects as the excitation wavelength approaches the energy of 
the electronic transition, these two vibrations have larger Raman 
cross-sections giving rise to larger signal-to-noise ratios [30,31]. It 
should be noted that our observation of NiFe-LDH is different from that 
of Ni(OH)2 reported previously. In the case of α-Ni(OH)2, the additional 
strong Ni2+–O vibration peak at 495 cm− 1 suggests that the Ni(OH)5O- 

intermediates from dehydrogenation of Ni(OH)6 octahedrons are active 
in UOR in the low potential region (peak between 0.3 and 0.4 V) [8]. 
With regard to NiFe-LDH, the peak starts to emerge at 0.50 V (repre
senting formation of Ni(OH)5O- intermediates, Fig. S3) and hence, 
protons and electrons in urea are likely to be sequestered by Fe3+ sites 
below 0.50 V as shown by the persistent Fe3+–OOH vibration signal 
before γ-NiOOH formation. After the phase transition, the Fe3+–OOH 
vibration peak disappears perhaps due to transfer of absorbed –OH from 
Fe to Ni sites and consequently, the formed Ni2+δOxHy is likely to be the 
active center in the high potential region. 

Electrochemical impedance spectroscopy (EIS) is a useful technique 
to probe the kinetics of interfacial reactions. Generally, the EIS 

Fig. 1. (a) CV curves of NiFe-LDH in the UOR and OER electrolytes; (b) LSV curves of NiFe-LDH and Ni(OH)2 in the UOR electrolytes; (c) Operando Raman scattering 
spectra of NiFe-LDH in the UOR electrolytes; (d) Equivalent circuit of UOR or OER on the Ni-based hydroxide electrode; Operando Nyquist plots and corresponding 
Bode-phase plots of NiFe-LDH: (e, g) OER electrolyte and (f, h) UOR electrolyte. All the potentials are referenced to the Hg/HgO electrode. 
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responses in the electrocatalytic reactions on self-oxidized catalysts can 
be characterized by three relaxation processes and the typical circuit 
model is depicted in Fig. 1d [32]. The three capacitance peaks and 
pseudo-semicircles are exhibited in the Bode-phase and Nyquist plots, 
respectively [19,33]. In details, CPEfilm and Rfilm are related to the 
dielectric properties and resistivity of the film and Cdl represents the 
double-layer capacitance. The two essential elements, Rp and Rs, reflect 
the reaction kinetics at the interface and specifically, Rp reflects the total 
charge transfer resistance and Rs is related to the resistance of surface 
intermediates. CPEϕ is used to correct for relaxation of charges of the 
intermediates. On this basis, the operando EIS is adopted to compare 
OER and UOR on NiFe-LDH in the low potential region (0.3–0.5 V). In 
the Nyquist plots (Fig. 1e and f), the CfilmRfilm loop of NiFe-LDH is not 
clearly observed for both OER and UOR and therefore, the resistance at 
high frequencies is mainly ascribed to the solution resistance (RΩ), 
which is determined to be about 1.6 Ω in both electrolytes. Hence, the 
electrolyte resistance may be independent of urea addition. On the other 
hand, the typical semicircle emerges and narrows with increasing po
tentials suggesting accelerated charge transfer. In the Bode-phase plots 
(Fig. 1g and h), we divide the two regions to reflect Ni cations (inter
mediate-frequency region) and water or urea (low-frequency region) 
electro-oxidization. Generally, the smaller drop in the phase angle in
dicates faster electron transfer. In the OER electrolyte, the diminishing 
trend of the phase angle in the low-frequency region is consistent with 
that in the intermediate-frequency region. As a result, Rp decreases with 
decreasing CPEϕRs revealing that OER commences due to accumulation 
of intermediates. On the other hand, in the UOR electrolyte, the phase 
angle in the intermediate-frequency region is relatively stable despite a 
drastic drop in the low-frequency region. The phenomenon is different 
from that observed from α-Ni(OH)2 [8] and β-Ni(OH)2 [7], both of which 
show phase angle decrease in the intermediate-frequency region as the 
potentials go up reflecting that the initial activity is related to dehy
drogenation of Ni(OH)6 octahedrons. Therefore, it is reasonable to infer 
that UOR on NiFe-LDH in the low potential region is based on a direct 

electron transfer mechanism that possibly utilizes absorbed oxygen on 
the Fe sites. 

3.3. Active sites in the high potential region 

When the applied potential is larger than 0.5 V, the phase angle in 
the intermediate-frequency region starts to drop and Ni2+δOxHy is 
formed (Fig. S4). To understand the reaction mechanism in the high 
potential region, we compare the CV activation process of pristine NiFe- 
LDH in different potential regions (potentials terminated before and 
after the Ni oxidization threshold). As shown in Fig. 2a, if the potential 
range (0–0.5 V) does not exceed the threshold of Ni oxidization, there is 
no apparent activation in the 20 CV scans and the reaction current in the 
forward sweep is larger than that in the backward scan. In contrast, the 
activation phenomenon appears and the backward current is larger if the 
potential range (0–0.7 V) includes the Ni oxidization threshold. 

The larger backward current should result from spontaneous con
sumption of accumulated Ni2+δOxHy in the forward sweep. To validate 
the spontaneity, we acquire time-varying Raman scattering spectra from 
NiFe-LDH in the UOR and OER electrolytes at 0 and 30 min after ter
minating the operation at 0.6 V (keep 10 min). As shown in Fig. 2b, the 
lattice modes of Ni2+δOxHy disappear and the original signals of NiFe- 
LDH recover immediately as soon as the high UOR voltage is cut off. 
Conversely, the evolved Ni2+δOxHy phase is maintained for at least 
30 min after the OER voltage is turned off. Our previous work shows that 
consumption of the derivative Ni2+δOxHy phase of α-Ni(OH)2 by urea 
needs around 5 h [8]. Accordingly, the fast reaction kinetics can be 
explained by that UOR proceeding on NiFe-LDH in the high potential 
region depends on the electrophilic lattice oxygen of Ni2+δOxHy and 
active sites regeneration. On the other hand, although the average va
lance state of Ni is between 3.3 and 3.7 in the Ni(OH)2 derived 
Ni2+δOxHy [26], Lewis acid Fe3+ incorporation may increase the acidity 
of –OH moieties of Ni, resulting in easier generation of Ni4+ sites and 
higher oxidizing ability [25,34]. Moreover, fast active site regeneration 

Fig. 2. (a) CV curves showing the activation processes of NiFe-LDH in different ranges (inset showing comparing the 1st and 20th cycles for different activation 
ranges); (b) Raman scattering spectra of wet NiFe-LDH during operation and after the potential ceases in the OER and UOR electrolytes; (c) Tafel curves obtained 
from the forward sweep of the 20th cycle; (d) OCP decay against log(time) after polarization for 200 s at 0.5 V and 0.7 V; (e) (003) diffraction peak of wet NiFe-LDH 
after polarization for 30 min polarization at 0.5 V and 0.7 V. 
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due to the strong oxidizing ability may partially suppress the formation 
of OER intermediates to account for the passivation-free phenomenon 
on the NiFe-LDH electrode as mentioned above. It is believed that 
competing OER contributes to the current at a higher potential (above 
0.9 V) as evidenced by the emergence of a broad band between 850 and 
1200 cm− 1 in the operando Raman spectra above 0.9 V reflecting O–O- 

stretching of active oxygen species, which is the typical signal of OER 
intermediates (Fig. S5a) [35,36]. In comparison, the O–O- stretching 
mode emerges when the OER occurs in the urea-free electrolyte 
(Fig. S5b). 

3.4. Increased active sites in the high potential region 

Despite the activity improvement at high potentials shown by the CV 
curves after activation in different ranges, the Tafel slopes obtained from 
the iR corrected forward sweeps show similar values (below 30 mV 
decade− 1, Fig. 2c) at low potentials, implying that the activity 
improvement originates from not only the high valance Ni, but also 
more active sites [37,38]. Because of the dynamic surface with poten
tials, the OCP decay is measured to track the active sites. Generally, the 
OCP decay is measured after electrode polarization at a potential where 
the Tafel behavior occurs. In our experiments, the polarization duration 
is 200 s and it is believed that the steady-state current is achieved before 
the OCP decay test (Fig. S6). The polarization potentials are set as 0.5 V 
and 0.7 in comparing UOR in the low and high potential regions, 
respectively. As shown in Fig. 2d, the OCP vs. log (t) decay curves ob
tained after polarization at 0.5 V and 0.7 V exhibit two linear regions 
and the slopes are determined. In theory, if the electrode surface 
capacitance is constant during OCP decay, the rate of the 
self-discharging process can be governed by the anodic reaction and the 
OCP decay curve can be written as: 

ηt =
2.303RT

βF
log

(
RT

βFi0

)

−
2.303RT

βF
log(t), (1)  

where β represents the transfer coefficient and the others variables have 
their usual meanings [38]. Consequently, the curve slopes (potential 
against logt.) should be equal to the Tafel slope (2.303RT/βF) theoret
ically and the experimental difference is interpreted by the surface ca
pacity. The relationship between the true decay slope (bocp) and Tafel 
slope (b) is: 

bocp =
b′b

b − b′ , (2)  

where b′ is the multiple or fraction of RT/F [39]. Taking anodic UOR 
into consideration, the small slope in the initial linear region (several 
seconds) indicates that the surface capacity increases with decreasing 
potential due to the larger charged surface coverage of intermediates 
[38]. After the release and low coverage of intermediates due to 
self-discharging, the surface capacity decreases with decreasing poten
tial as manifested by a greater decay slope (latter liner region). Specif
ically, the decay slopes for a short time after 0.7 V is one-fifteenth as that 
after 0.5 V, indicating a high proportional coverage of charged in
termediates and therefore, the active sites increase after polarization in 
the high potential region. For a long time, the fast self-discharging of 
large amounts of intermediates and charged surface groups may account 
for the bigger slope after 0.7 V polarization, which supports the postu
late that the derivative Ni2+δOxHy phase spontaneously sequesters pro
tons and electrons of urea molecules. 

To reveal the origin of the increasing active sites, we carry out post- 
mortem quasi-operando small-angle X-ray diffraction (XRD) to monitor 
the interlayer distance. As shown in Fig. 2e, the typical interlayer peak of 
(003) shows about a 0.12̊ red-shift after 30 min at 0.7 V in UOR 
compared to 0.5 V. Accordingly, it is reasonable to conjecture that 
electrolyte penetration into the interlayer region is related to Ni oxi
dization and the increasing active sites stem from oxidization of internal 

atoms. The results support the reasoning that the internal atoms in NiFe- 
LDH contribute to the catalytic activity [37], but it must be emphasized 
that the contribution depends on the driving potentials. 

3.5. Plasma processing 

According to the mechanisms described above, a straightforward 
strategy to improve the UOR activity of NiFe-LDH is to lower the voltage 
to generate the Ni2+δOxHy phase to activate more active sites and 
improve the oxidization ability. It has been reported that the unsatu
rated coordinated atoms of Ni(OH)2 slabs, especially the four- 
coordinated Ni at the edge, have a lower OH- absorption energy 
because of the more positive charge states leading to the preferential 
oxidization [40,41]. Here, plasma processing is performed to produce 
NiFe-LDH slab reconstruction to form an edge-rich structure that can 
easily generate the Ni2+δOxHy phase to improve the UOR activity. 

The initial thin NiFe-LDH nanosheets mentioned above are synthe
sized hydrothermally and the surface morphology is characterized by 
scanning electron microscopy (SEM) and transmission electron micro
scopy (TEM). Fig. 3a and b show the vertically aligned NiFe-LDH 
nanosheets revealing that the film is composed of aligned NiFe-LDH 
nanosheets uniformly distributed on the Ni foam. The edge thickness 
is between 5 and 20 nm according to SEM and TEM (Fig. 3b and S7), 
indicating that the initial nanosheets contain 6–26 layers (interlayer 
distance: ~ 0.767 nm). In Ar plasma-induced layer reconstruction, the 
thickness of the nanosheets can be controlled by the processing time. As 
shown in Fig. 3a-h, the thickness changes with time and is larger than 
80 nm (about 104 layers) for a processing time of 60 min. It is conjec
tured the NiFe-LDH nanosheets experience diffusion, recombination, 
and layer restacking in the high-energy Ar-plasma environment as 
shown in Fig. 3i, whereas Ni, Fe, and O atoms rearrange into a rhom
bohedral layered structure with the R3m space group. 

The samples designated by the processing time are assessed by CV. 
After activation, the four electrodes show nearly identical onset poten
tials and reaction kinetics in OER in 1 M KOH (Fig. S8), indicating 
similar activity. However, the small shoulder peak before OER shifts 
with processing time suggesting that Ni oxidization is marginally easier 
for the thicker multilayer NiFe-LDH sheets. Meanwhile, the OER activity 
on NiFe-LDH is independent of the thickness of the layers and threshold 
of Ni oxidization, thereby supporting the previous assertion that high 
valance Fe sites in NiFe-LDH serve as the active sites in OER [35,36,42, 
43]. In contrast, different UOR activities are exhibited when the elec
trodes are immersed in 1 M KOH with 0.5 M urea. As shown in Fig. 4a, 
the NiFe-LDH-40 electrode shows the highest catalytic activity, 
requiring 0.389 V and 0.437 V for densities of 10 mA cm− 2 and 
100 mA cm− 2, respectively, which is superior to that of NiFe-LDH-0. It is 
noted that all the plasma treated electrodes are better than the untreated 
one, suggesting that the UOR mechanism is different from that of OER 
and confirming the effectiveness of plasma-induced reconstruction. The 
Nyquist plots in Fig. 4b indicate almost the same ohmic resistance at 
high frequencies, thus eliminating the effects of resistance on the ac
tivity. The charge transfer rates reflected by the semicircle diameters 
exhibit the same trend as the CV curves corroborating that NiFe-LDH-40 
has the fastest kinetics. In the Bode-phase plots (inset in Fig. 4b), the 
plasma processed samples show smaller phase angles than the untreated 
one in the intermediate frequency region and therefore, plasma pro
cessing lowers the oxidization energy barriers of Ni. 

Because of the dynamic surface, it is not accurate to use the elec
trochemical surface area (ECSA) assessed by the double-layer capaci
tance (Cdl) to infer the active site. Therefore, the OCP decay after 
polarization at 0.7 V is monitored to study the active sites at high po
tentials. As shown in Fig. 4c, the OCP decay curve of NiFe-LDH-40 shows 
the same slope as NiFe-LDH-0 after a short time, indicating similar 
coverage by intermediates. However, for a long time, the slope of NiFe- 
LDH-40 is nearly 1.43 times larger than that of NiFe-LDH-0, suggesting 
higher proportional coverage of charged groups on NiFe-LDH-40 at 
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0.7 V. The stability of NiFe-LDH-40 is evaluated by conducting two 
consecutive chronopotentiometry tests at 10 mA cm− 2. As shown in 
Fig. 4d, there is an approximately a 10-mV voltage increase in the 20-h 
test but the performance recovers in the fresh electrolyte, consequently 
validating the superior stability. 

To further understand the improvement and mechanism, surface 
evolution of NiFe-LDH-40 is investigated by operando Raman scattering. 
As shown in the Raman spectra (Fig. S9), the phase transition voltage of 
NiFe-LDH-40 is determined at about 0.5 V (20 mV cathodic shift relative 
to NiFe-LDH-0) indicative of a smaller driven force of Ni oxidization. 

Fig. 3. SEM images of (a, b) NiFe-LDH-0, (c, d) NiFe-LDH-20, (e, f) NiFe-LDH-40, (g, h) NiFe-LDH-60; (i) Schematic of the layer reconstruction process of NiFe-LDH 
during Ar plasma treatment. 

Fig. 4. (a) IR corrected CV curves and (b) Nyquist plots (inset showing the corresponding Bode-phase plots) of the four electrodes; (c) OCP decay versus log(time) 
after polarization for 200 s at 0.7 V for NiFe-LDH-0 and NiFe-LDH-40; (d) Two consecutive chronopotentiometry runs at 10 mA cm− 2 of NiFe-LDH-40; (e) Operando 
Raman scattering spectra at 0.7 V of NiFe-LDH-0 and NiFe-LDH-40 in the UOR electrolyte (inset showing the vibration modes of A1 g and Eg); (f) XRD patterns of 
NiFe-LDH-0 and NiFe-LDH-40. 
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After the formation of Ni2+δOxHy, the intensity ratio of the Ni–O Eg and 
A1 g modes (bending and stretching vibrations, IB/IS) is different for the 
two electrodes. For instance, IB/IS derived from NiFe-LDH-40 is less than 
that of NiFe-LDH-0 at 0.7 V (Fig. 4e). Generally, the Eg and A1 g modes 
are related to oxygen atoms vibrating along adjacent O-layers in the ab 
plane and along the c-axis, respectively, as shown in the inset in Fig. 4e. 
Accordingly, a smaller IB/IS ratio is associated with larger polarizability 
of the A1 g mode because there are more reconstructed slabs in NiFe- 
LDH-40. As a result, the different electron cloud distribution along the 
c-axis may reflect the existence of structural disorder, particularly 
stacking faults of new layers [36,44]. The results impart valuable in
formation to track the larger proportion of charged groups in the high 
potential region. 

XRD, X-ray photoelectron spectroscopy (XPS), and Raman scattering 
are conducted to determine the difference between the pristine NiFe- 
LDH-0 and NiFe-LDH-40. The XRD patterns (Fig. 4f) can be indexed to 
the typical layered double hydroxide structure of binary NiFe (JDPDS 
40–0215) showing that the structure is preserved after plasma pro
cessing, although some peaks such as (003) and (110) are slightly 
broader. It can be interpreted as follows. The concentrations of inter
layer anions are different in the new and original layers, leading to 
fluctuating interlayer spacing [45]. Furthermore, as shown by the 
Raman spectra, stacking faults may be responsible since the disorder is 
only along the c-axis and the order within the ab-plane is unaffected [46, 
47]. In the XPS data (Fig. S10), both samples show the typical NiFe-LDH 
signals, including the primary Ni2+ peak at 855.4 eV and small amount 
of Ni3+ at 856.6 for Ni 2p3/2, Fe3+ at 713.0 eV for Fe 2p3/2, and –OH at 
531.2 eV for O 1 s [48,49]. The atomic ratios of Ni to Fe are about 2.6 
and 2.8 for NiFe-LDH-0 and NiFe-LDH-40, respectively, thus eliminating 
the effects of the structure and catalytic activity stemming from the 
elemental contents. We have also found no direct evidence to claim the 
large proportion of defects (either anion or cation vacancies) is sufficient 
to affect the average valence state. Hence, the Ni or Fe atoms with high 
mobility and reconstruction ability recombine in the new layers in the 
Ar plasma. Although the reconstructed layers may rotate and translate 
due to the weak bonds between the layers, most internal atoms are 

defect-free [27]. On the other hand, the counteracting dependence of 
anions and cations may balance the average valance states because of 
the complicated interactions between the plasma and materials. Even so, 
we still notice that the broader shoulder of NiFe-LDH-40 in the Raman 
scattering spectra (Fig. S11) may reflect different phonon properties 
resulting from the complex coordination environment and more edge 
exposure. 

3.6. Urea-assisted hydrogen generation 

To demonstrate the practicality as well as advantages such as energy 
saving, a commonly used alkaline urea-assisted hydrogen generation 
electrolyzer composed of the plasma-processed Ni foam electrode and 
NiFe-LDH-40 electrode as the cathode and anode, respectively, is 
assembled (Fig. 5a). Our pre-experiments show that the alkaline 
hydrogen evolution reaction (HER) activity on the plasma-processed Ni 
foam electrode is similar to that on the NiFe-LDH-40 and independent of 
urea addition (Figs. S12 and S13), but the UOR activities on Ni foam and 
plasma-processed Ni foam are not satisfactory (Fig. S14). As shown in 
Fig. 5b, the UOR-coupled hydrogen generation device requires 1.72 V 
and 1.892 V for 100 cm− 2 and 300 mA cm− 2, respectively, which are 
76 mV and 90 mV lower than those of the overall water-splitting device. 
Of particular importance, despite the excellent activity of conventional 
anodic Ni(OH)2 electrode in the low potential region, inevitable 
passivation occurs near 1.73 V in the UOR-assisted hydrogen generation 
device. The overall current density drops below that of the NiFe-LDH-40 
assembled system after 1.793 V (Fig. 5c). Further comparison of the 
three systems is shown in Fig. 5d, which reveals the lowest potential at 
300 mA cm− 2 and largest current density at 1.9 V, confirming the ad
vantages of the NiFe-LDH-40 anode, especially from the perspective of 
lessened energy depletion. The operation stability is assessed by three 
consecutive experiments (6 h) at 2.8 V. As shown in Fig. 5e, although 
there is a 40-mA cm− 2 drop during each test, the performance nearly 
recovers in the new test. Considering that the urea concentration de
creases gradually under high potential conditions, the catalyst is robust, 
stable, and durable. In addition, the XPS results obtained from NiFe- 

Fig. 5. (a) Schematic of the urea-assisted hydrogen generation device; (b) CV curves of the urea-assisted water electrolysis and alkaline water electrolysis setup with 
the NiFe-LDH and plasma-etched Ni foam as the anode and cathode, respectively; (c) CV curves of the urea-assisted electrolysis setup with the NiFe-LDH anode and Ni 
(OH)2 anode; (d) Comparison of the cell voltages at 300 mA cm− 2 and current densities at 1.9 V of the three systems; (e) Three consecutive long-term stability tests of 
the urea-assisted hydrogen generation cell at 2.8 V. 
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LDH-40 after the stability test (Fig. S15) disclose similar chemical in
formation as the pristine one, further confirming the stability and vali
dating the postulate that the Ni2+δ can be quickly reduced by urea after 
power dump. 

4. Conclusions 

The UOR characteristics and active sites of NiFe-LDH self-anchored 
on the Ni foam are determined in the low and high potential regions. 
UOR occurs on NiFe-LDH before OER and the reaction can occur on both 
the pristine NiFe-LDH and derivative Ni2+δOxHy phase with different 
active sites. UOR on NiFe-LDH in the high potential region depends on 
the strong oxidization ability of the derivative Ni2+δOxHy and regener
ation of active sites mechanism, giving rise to fast reaction kinetics and 
co-occurrence of UOR and OER. Moreover, a high potential can activate 
the internal atoms to participate in the reaction, consequently increasing 
the active sites and improving the properties. Ar plasma processing 
produces layer reconstruction of NiFe-LDH so that the Ni2+δOxHy phase 
is generated more easily to boost the UOR activity. To illustrate the 
practicality, the assembled urea-assisted electrocatalytic hydrogen de
vice comprising the Ar-plasma processed NiFe-LDH as the anode delivers 
better performance than the urea-free one including no observable 
passivation and appreciable energy saving. 
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Fig. S1. Effects of the urea concentration on UOR on the NiFe-LDH electrode in 1 M KOH.  The 

scan rate is 5 mV s-1.  Because of the fast UOR response, the oxidization peak of Ni 

(Ni(OH)2/Ni2+δOxHy) is almost hidden.  With increasing urea concentration, the current at high 

potentials increases and is stable.  The current increase observed up to 0.5 M may be due to the 

diffusion-controlled process at a low concentration.  In contrast, a high concentration (2 M) has 

negligible effects on the current due to the kinetics limited and controlled process.  The claim is 

supported by the cathodic peak currents which are similar for concentrations of 0.5 M and 2 M.  

The increase in the anodic peak current with increasing urea concentration from 0.03125 to 0.5 M 

stems from the high availability of urea molecules for oxidation.  
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Fig. S2. (a) Photograph of the operando Raman cell and (b) Raman scattering instrument.  The 

laser irradiates the electrode through the top quartz plate in the reaction.  
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Fig. S3. Operando Raman spectra of NiFe-LDH in the UOR electrolyte (potentials referenced to 

the Hg/HgO electrode).  The small peak around 495 cm-1 indicates the formation of Ni(OH)5O- 

intermediates.  
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Fig. S4. (a) Operando Nyquist plots and (b) Bode-phase plots of NiFe-LDH at large potentials 

(referenced to the Hg/HgO electrode).  Owing to the large current and amount of bubbles, the 

plots are not as smooth as those in the low potential region. 
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Fig. S5. Operando Raman spectra of NiFe-LDH: (a) UOR and (b) OER.  The potentials are 

referenced to the Hg/HgO electrode. 
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Fig. S6. Polarization curves of NiFe-LDH at 0.5 V and 0.7 V (vs. Hg/HgO).  The current density 

is stable after several seconds indicating that the steady state is reached. 
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Fig. S7. TEM image of NiFe-LDH-0. 
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Fig. S8. CV curves of the four electrodes in the OER electrolyte. 
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Fig. S9. Operando Raman scattering spectra of NiFe-LDH-40 (potentials referenced to the 

Hg/HgO electrode). 
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Fig. S10. XPS spectra of NiFe-LDH-0 and NiFe-LDH-40: (a) Ni 2p, (b) Fe 2p, and (c) O 1s. 
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Fig. S11. Raman scattering spectra of dry NiFe-LDH-0 and NiFe-LDH-40. 
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Fig. S12. Alkaline HER properties of NiFe-LDH-40 in urea-containing and urea-free electrolytes. 
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Fig. S13. Alkaline HER properties of the plasma-processed Ni foam in urea-containing and urea-

free electrolytes.  
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Fig. S14. UOR properties of the plasma-processed Ni foam and bare Ni foam. 
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Fig. S15. XPS spectra of NiFe-LDH-40 after the 18-h stability test: (a) Ni 2p, (b) Fe 2p, and (c) O 

1s.  In the Ni 2P spectra, besides Ni0 from the exposed Ni foam substrate, the new Ni2+–O peak is 

related to unrecovered Ni(OH)5O- intermediates from dehydrogenation of Ni(OH)6 octahedrons.  

The initial XPS spectra of NiFe-LDH-40 are shown in Figure S10. 
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