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1. Introduction

Metallic glasses (MGs), known as metallic 
alloys with amorphous structure, have 
been shown to possess unique thermody-
namic,[1] kinetic,[2] mechanical,[3] and mag-
netic[4] properties that do not exist in the 
crystalline counterparts. Recently, as part 
of the continuous exploration of the rap-
idly growing field of materials for energy 
applications, MGs have been reported to 
exhibit excellent catalytic performance 
due to their disordered structure.[5–8] For 
example, Ni-based MGs were reported 
as effective electrocatalysts used in water 
splitting because of their excellent perfor-
mance in the oxygen evolution reaction 
(OER).[5–7] Fe-based MGs were reported to 
be particularly beneficial as advanced oxi-
dation processes’ catalysts in wastewater 
remediation.[9,10] It is well established 
that the catalytic performance is closely 
related to the density of active sites. Inho-
mogeneities in crystalline materials could 
play a key role in improving the catalytic 

performance via varying their chemical and/or defect micro-
structures,[11] which contributes to an increase of the density 
of active sites.[12,13] However, for MGs, which typically have a 
homogeneous disordered structure, i.e., no compositional vari-
ations, no defects as in crystalline materials, it remains a great 
challenge to adjust the properties of MGs for practical applica-
tions by the introduction of inhomogeneity in the disordered 
structure.

Additionally, the energy state (especially in terms of the sur-
face energy) of the materials plays a vital role in the catalytic 
performance, with the higher surface energy possessing the 
higher activity, attributed to the larger number of low-coordi-
nated sites on the surface of the catalyst.[14–18] The catalytically 
active sites are usually constituted of a few low-coordinated 
atoms on steps, edges, and kinks.[19–21] MGs are generally 
formed by rapid-quenching from the melt and has higher 
enthalpy and higher specific volume relative to the crystalline 
state.[22] Therefore, MGs stay in a higher energy state and pos-
sess higher density of low coordinated sites comparing to their 
crystalline counterparts. These merits endow MGs with supe-
rior catalytic performance, due to the low activated energy and 
rich of potential active sites.[23–25] A strong interest remains 
whether the energy state of MGs can be tuned further by 

Metallic glasses (MGs), with high density of low coordination sites and high 
Gibbs free energy state, are novel promising and competitive candidates in 
the family of electrochemical catalysts. However, it remains a grand chal-
lenge to modify the properties of MGs by control of the disordered atomic 
structure. Recently, nanostructured metallic glasses (NGs), consisting of 
amorphous nanometer-sized grains connected by amorphous interfaces, 
have been reported to exhibit tunable properties compared to the MGs with 
identical chemical composition. Here, it is demonstrated that electrodepos-
ited Ni–P NG is characterized by an extremely high energy state due to its 
heterogeneous structure, which significantly promotes the catalytic perfor-
mance. Moreover, the Ni–P NG with a heterogeneous structure is a perfect 
precursor for the fabrication of unique honey-like nanoporous structure, 
which displays superior catalytic performance in the urea oxidation reaction 
(UOR). Specifically, modified Ni–P NG requires a potential of mere 1.36 V 
at 10 mA cm–2, with a Tafel slope of 13 mV dec–1, which is the best UOR 
performance in Ni-based alloys. The present work demonstrates that the 
nanostructurization of MGs provides a universal and effective pathway to 
upgrade the energy state of MGs for the design of high-performance cata-
lysts in energy conversion.
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modifications of the processing routes. One option to obtain 
the higher-energy MGs is faster and faster quenching from the 
molten state to the undercooled liquid to capture the higher 
energy state in liquid.[26] Various post-treatment processes to 
rejuvenate the MGs to higher energy state, such as cryogenic 
thermal cycling[27,28] or high-pressure treatment,[29,30] provide 
additional options, which have been explored extensively. These 
options face several problems due to the complex processing 
and, associated with that, large energy consumption. Therefore, 
the challenge remains to design and fabricate MGs with high 
energy state and excellent catalytic performance.

To address this challenge, novel MGs with unique structural 
features have been developed, which have been named nano-
structured metallic glasses or nanoglasses (NGs) due to their 
nanometer-sized inhomogeneous structure.[5,31,32] In the struc-
tural model, NGs consist of amorphous nanometer-sized grains 
connected by amorphous interfaces (called glass/glass inter-
faces), and the glass/glass interfaces are several nanometers 
wide with a locally reduced density relative to the adjacent 
grains, which introduce significant structural heterogeneities 
and low coordinated sites in NGs. [32,33] Therefore, it is pos-
sible to control the properties of NGs by varying their chemical 
and/or defect microstructures. In addition, it has been shown 
that the interfaces in NGs exhibit an amorphous structure with 
low density, which is distinctly different from the amorphous 
structure of the rapidly quenched MGs. Recently, our group has 
shown that NGs exhibit promoted β-relaxation and enhanced 
microscale tensile plasticity over the MGs with the same com-
position, which may be associated with higher energy state.[34] 
However, the energy state of NGs has not been directly investi-
gated. Furthermore, research on catalytic properties of NGs has 
been rarely reported up to now.[35] The initial demonstration of 
improved catalytic properties might trigger intensive research 
in this field.

Herein, Ni–P NGs with heterogeneous microstructure were 
prepared and their extremely high energy state compared to the 

conventionally prepared MG with identical composition was 
substantiated for the first time. The Ni–P NGs show a com-
prehensively improved catalytic performance in water-splitting, 
including the urea oxidation reaction (UOR),[36–38] the OER,[39–41] 
and the hydrogen evolution reaction (HER).[42–44] Moreover, it is 
shown that Ni–P NGs with heterogeneous microstructure are 
perfect starting structure for the fabrication of unique honey-
like nanoporous structures, which display a superior catalytic 
performance in the UOR. The present work provides a uni-
versal and facile approach to synthesize high-energy MGs by 
nanostructurization to obtain highly efficient catalytic materials 
for applications in the field of clean energy.

2. Results and Discussion

The differences between the structures of the Ni–P NGs and 
the MGs, experimental results and the derived structural 
models are shown in Figure 1. As pointed out in previous work 
on NGs, the main feature of NGs is the existence of amor-
phous/amorphous interfaces in NGs schematically shown in 
Figure 1a for NG in comparison to the homogeneous structure 
shown in 1d. This unique heterogeneous structure of Ni–P NGs 
can be clearly revealed using high-resolution transmission elec-
tron microscopy (HRTEM) as shown in Figure  1b, where two 
different amorphous regions can be distinguished, the nano
meter-sized grains region I (orange circle) and the interfacial 
region II (blue circle). The corresponding fast Fourier trans-
formation (FFT) patterns of these two regions are displayed on 
the top right in Figure  1b, clearly indicating that both regions 
(nanoscaled grain and interface) are amorphous. In contrast, 
the HRTEM image of the Ni–P MG shown in Figure 1e clearly 
demonstrates the homogeneous amorphous microstructure 
of MG. The corresponding selected-area electron diffraction 
(SAED) patterns (Figure 1c,f) provide proof that both Ni–P NGs 
and MGs are fully amorphous, which is fully consistent with 
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Figure 1.  Structural characterization of Ni–P NG and MG. a) The structural model image of NG. b) HRTEM image of NG. The HRTEM image consists 
of two different regions: a nanoscaled grain region I (in the orange circle) and an interface region II (in the blue circle), and the corresponding FFT 
patterns of the two regions are shown in the top right. c) Corresponding SAED pattern of (b). d) Structural model image of MG. e) HRTEM image of 
MG. f) Corresponding SAED pattern of (e).
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the results of X-ray diffraction (XRD, Figure S2, Supporting 
Information). More detailed characterization of the microstruc-
ture of Ni–P NGs and MGs have been reported in our previous 
work.[45]

The differences of the microstructure of Ni–P NG and 
MG result in different energy states. In order to obtain quan-
titative information on the energy state of Ni–P NG with the 
unique grain/interface structure, heat capacity measurements 
were made using differential scanning calorimetry (DSC) at a 
heating rate of 20 K min–1 as shown in Figure 2a (bottom right). 
From the heat capacity curves, it is evident that Ni–P NG has a 
lower crystallization temperature (Tx) of about 588 K compared 

with MG (631 K). It indicates that easier trigger crystallization 
of NG compared with MG, probably due to a lower barrier 
potential and a higher energy state of NG. For comparison, the 
rejuvenated MG (RMG) prepared via cryogenic thermal cycling 
was also measured in the DSC as a reference (temperature 
programs for the rejuvenation effect are shown in Figure S3, 
Supporting Information). Rejuvenation is known as a viable 
method to upgrade the energy state of MG. It is surprising 
that the RMG indeed has a lower Tx (624 K) than that of MG. 
However, it is still much higher than the value of 588 K for 
NG (Figure S4a, Supporting Information), implying a higher 
energy state of NG than those of both RMG and MG. To further 
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Figure 2.  Energy characterization of Ni–P NG and MG. a) The left is a schematic diagram of the potential energy landscape of the NG and MG; the 
red ball is for NG, and the black ball represents MG. Heat capacity curves of the MG (black line) and NG (red line) are exhibited on the lower right 
for the heating rate of 20 K min–1. Enthalpy change (ΔH) curves obtained by the integration of the heat capacity curves are displayed on the top right, 
where the insert is the enlarged image of the ΔH curves. b) The stress-relaxation patterns of NG (red dot) and MG (black dot); the line is the fitting 
by the KWW equation. c) The distribution of the activation energy spectrum and curve for MG. d) The distribution activation energy spectrum and 
curve for NG. e) Maps of the surface elastic modulus on MG by AFM. f) Maps of the surface elastic modulus on NG by AFM. g) The corresponding 
distributions of the surface elastic modulus of MG and NG obtained from (e) and (f).
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compare the energy state of NG and MG, the enthalpy change 
(ΔH) curves are plotted as shown in the Figure  2a (top right) 
obtained by integrating the heat capacity curves. It is obvious 
that the ΔH (from 300 to 770 K) of NG is much larger than 
that of the MG, further demonstrating the higher energy state 
for NG (the Ni–P NG and MG possess the same crystalliza-
tion products with identical crystal structure, which indicates 
the same ground state, Figure S5, Supporting Information). A 
schematic of the potential energy landscape of the NG and MG, 
as shown in the left of Figure 2a, indicates that the NG (red dot) 
is located in a higher energy state than MG (black dot). It is 
worthy to note that the energy state of NG is even higher than 
RMG (Figure S4b, Supporting Information), showing the fol-
lowing trend: NG > RMG > MG.

The energy state of MG can be described by the well-estab-
lished “flow units” model.[46] In this model, the flow units are 
equivalent to the “defects” in MGs, which are characterized 
by lower elastic modulus and strength, looser atomic arrange-
ments, higher energy, and higher atomic mobility than other 
regions in amorphous alloys.[47] Wang et al. [46] confirmed that 
MG could also produce plastic flow when loading in the elastic 
region, and found that mechanical relaxation behavior of MG 
affects the degree of flow. Therefore, stress-relaxation[48] is 
adapted to express the flow units of the Ni–P NG and MG by 
dynamical mechanical analyzer (DMA), as shown in Figure 2b. 
The time dependent stress curves σ(t)/σ(0) show that the 
stress decays with increasing time both for NG (red dot) and 
MG (black dot). It is obvious that Ni–P NG has larger stress 
decay than that of MG at the same conditions, suggesting that 
more flow units exist in the NG. Studies show that the stress 
relaxation behavior of glass can be well used by the extended 
exponential equation, namely the Kohlrausch–Williams–Watts 
(KWW) equation,[49] which fits well with the stress relaxation 
behavior for NG and MG. In addition, we can use the energy 
barrier to describe the distribution of the flow units in Ni–P NG 
and MG based on the activation energy spectrum model.[50] In 
this model, the total available property change of P(E) related to 
the energy in the relaxation processes are shown in Figure 2c,d. 
It is noticed that P(E) of NG has a wider distribution at the 
energy range from 1.20 to 1.36  eV, indicating that more flow 
units with higher energy barriers are activated during inelastic 
deformation at temperature of 406 K.

The above characterizations prove that Ni–P NG has higher 
bulk energy than MG. However, catalytic performance depends 
much more crucially on the surface conditions. Recently, 
driving the higher cantilever resonance in a frequency mod-
ulated mode with atomic force microscopy (AM-FM) was 
reported to express the local elastic modulus in structure and 
the energy-state of MGs by direct measuring the tip−sample 
interaction stiffness and the set point-independent local elastic 
modulus with appropriate modeling.[51,52] Figure  2e,f exhibits 
the elastic modulus mapping of the Ni–P MG and NG meas-
ured by AM-FM. As shown in Figure  2g, the NG has a lower 
elastic modulus than MG. The RMG (Figure S6, Supporting 
Information) also shows a lower and more inhomogeneous 
distribution of the elastic modulus compared to MG, which 
is consistent with previously reported results with its higher 
energy.[30,51] However, it is interesting that the NG shows much 
lower elastic modulus distribution than RMG, which indicates 

that the highest energy states (the elastic modulus of MG, 
RMG, and NG are 116, 112, and 88 GPa, respectively, as shown 
in Figure  2g; Figures S6 and S7, Supporting Information). To 
avoid possible damage and contamination, the prepared sam-
ples were directly used for the atomic force microscopy (AFM) 
measurements without any further polishing. The details of 
the surface morphology feature can be seen in Figure S8 (Sup-
porting Information), which shows that all the average surface 
roughness is less than 0.5  nm, indicating generated modulus 
almost unaffected by the surface topography by AFM.

The energy state (especially the surface energy) of mate-
rials plays a vital role in their catalytic performance. Both 
the anodic reaction (UOR) and the cathodic reaction (HER) 
of water splitting were investigated in this work between the 
Ni–P NG and MG with smooth surface (Figure S9, Supporting 
Information) as shown in Figure 3. UOR is a promising alter-
native anodic reaction of sluggish OER for water splitting, due 
to its enhanced efficiency at a far lower potential of 0.37 V[53] 
(See the Supporting Information for the details of comparison 
between the UOR and OER, as well as the background of the 
electrochemical catalytic technique). The UOR performance of 
polarization curves for two samples are shown in Figure 3a. It 
is clear that the overpotential of NG is much lower than that 
of MG during the linear sweep voltammetry (LSV) test, which 
indicates a significant enhanced UOR catalytic performance of 
NG. NG also shows a better catalytic performance in the UOR 
when compared with the high-energy RMG (Figure S10, Sup-
porting Information). Furthermore, the electrochemical imped-
ance spectroscopy (EIS) plots shown in Figure 3b characterize 
the electrode–electrolyte reactions of Ni–P NG and MG cata-
lysts in the UOR. The equivalent circuit was used to fit the 
Nyquist plots (the EIS analysis refer to Supporting Informa-
tion), as inset in Figure 3b.[54,55] The fitted results of EIS plots 
are shown in Table S1 (Supporting Information). It is obvious 
that NG exhibits a smaller radius of Nyquist plots with red 
curve (in Figure 3b), and a smaller value of Rct

[54,55] (in Table S1 
of the Supporting Information) than MG in the electrolyte, 
which is conducive to the enhancement of the charge transport 
and better catalytic effect in the UOR. In addition to the anodic 
reaction, NG also has a promoted effect on the cathodic reac-
tion, i.e., HER, of water splitting. Figure  3c shows the polari-
zation curves of HER performance for two samples. The NG 
has a lower overpotential than that of MG during the LSV test, 
which indicates the improved HER catalytic performance. In 
addition, the EIS plots in Figure 3d also exhibit a smaller radius 
of Nyquist plots with NG (red curve), further demonstrating the 
better catalytic effect in the HER. To study the discrepancy of 
surface composition and electronic states of Ni–P NG and MG, 
XPS results are shown in Figure 3e–g. The survey spectra con-
taining signals of Ni, P, C, and O elements are summarized in 
Figure S11 (Supporting Information). High-resolution spectra 
for Ni 2p of NG and MG are presented in Figure 3e; the binding 
energy at 861.59 eV (NG) and 861.00 eV (MG) can be assigned 
to the satellite peaks. In addition, the peaks at 853.12 eV (Niδ+ 
2p3/2 for NG) and 853.15 eV (Niδ+ 2p3/2 for MG) are very close 
to that of zero valence state Ni,[56,57] indicating partial metallic 
and partial positive ionic features for Ni atoms (0 < δ  < 2) in 
Ni–P.[5,58] Interestingly, it turns out that the Ni2+ 2p3/2 binding 
energy shifts 0.2 eV from 856.16 (MG) to 856.36 eV (NG). The 

Adv. Mater. 2022, 2200850
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peaks at 130.55 eV (NG), 129.68 eV (NG), 130.46 eV (MG), and 
129.60 eV (MG) are in good agreement with the binding energy 
of P 2p1/2 and P 2p3/2 (Figure  3f), respectively. Comparing 
with MG, NG shows a significantly increased amount of phos-
phates at the binding energy of 133.20 eV (in Figure 3f, where 
there is no obvious peak shown for MG of POx) and 532.74 eV 
(Figure 3g), where the phosphates can act as a proton transport 
mediator at catalyst surface.[59] In addition, the hydroxy peaks 
of 531.61 eV (NG, Figure 3g) and 531.87 eV (MG, Figure 3g) at 
the catalyst surface are usually considered as the active sites for 
catalytic performance.[60] In summary, the binding energy of 
the Ni2+ for NG is higher than that of MG, indicating that the 
metallic element (Ni) formed a solution that possesses a higher 
potential energy, resulting in a lower energy barrier during the 
catalytic processes.

The intrinsic catalytic performance of Ni–P NG for water 
splitting is proven to be substantially better than MG. Lever-
aging the excellent intrinsic activity with formulations that pro-
vide higher surface area could lead to further improvements 
in overall catalytic efficiency of NG. Thus, the Ni–P NGs were 
immersed in the NaCl solution (3.5 wt%) at the room temper-
ature over different times (such as 7 days (named as NG-7D), 
14 days (NG-14D), 21 days (NG-21D, MG-21D), and 28 days (NG-
28D)) for modification of the surface morphology, respectively.

The anodic reactions of water splitting, both OER and UOR, 
were conducted to highlight the catalytic performance of these 
modified Ni–P NGs. Figure 4a shows representative polarization 
curves of five NGs electrodes in the OER. NG-14D and NG-21D 
exhibit very low potential of 1.56 and 1.54 V (vs RHE), respec-
tively, at current density of 10 mA cm–2 in 1 m KOH, which are 
much smaller than that of bare NG, as well as those of most 
reported transitional metal-based OER catalyst. To verify their 

superior catalytic performance, the UOR was further studied on 
NG-14D and NG-21D, as well as NG for comparison. Figure 4b 
exhibits the LSV results for UOR by using the NG (as the refer-
ence sample), NG-14D and NG-21D as electrocatalysts. NG and 
NG-14D exhibit a strong anodic peak corresponding to oxida-
tion of urea followed by a decrease in the current density and 
the oxidation of OH− occurs at higher potentials. For NG-21D, 
only a tail like shape LSV corresponding to urea oxidation was 
observed, due to the oxidation of OH− unhappen within the 
test voltage range. To our surprise, comparing with NG and 
NG-14D, NG-21D demonstrates a much better UOR effect with 
a lower potential at 1.36 V versus RHE to attain a current density 
of 10 mA cm–2. The Cdl (the details can be seen in Supporting 
Information) plots shown in Figure 4c indicate that the NG-21D 
has a larger value of 0.061 mF cm–2 with smaller pore sizes (CV 
plots are shown in Figure S12, Supporting Information). This 
observation indicates that the NG-21D with promoted catalytic 
effect possesses larger electrochemical active surface areas. To 
weigh material intrinsic activity, electrochemically active sur-
face area (ECSA) and corresponding ECSA normalized cur-
rent density of NG and NG-21D were calculated based on Cdl. 
As shown in Figure S13 (Supporting Information), the NG-21D 
exhibits much better catalytic performance than NG, as indi-
cated by higher ECSA normalized current density. Moreover, 
Tafel curves of the NG, NG-14D and NG-21D catalyst are sum-
marized in Figure 4d with different slope of plots, 53 mV dec–1 
for NG, 35 mV dec–1 for NG-14D, and 13 mV dec–1 for NG-21D, 
respectively. The accuracy of Tafel slope was confirmed by quasi-
steady-state measurement (Figures S14 and S15, Supporting 
Information). As a result, the lower slope of NG-21D reveals a 
favorable reaction kinetic for UOR. It can be observed that the 
NG-21D has the smallest diameter of semicircles and a lower 

Adv. Mater. 2022, 2200850

Figure 3.  Catalytic performance and the electronic states on the electrode surface of the NG and MG. a) Polarization curves of NG (red line) and MG 
(black line) catalysts in the UOR. b) EIS of the NG and MG catalysts in the UOR. The inset shows a simplified equivalent circuit for EIS data fitting. 
c) Polarization curves of NG and MG catalysts in the HER. d) EIS of the NG and MG catalysts in the HER. The inset shows a simplified equivalent 
circuit for EIS data fitting. e) High-resolution XPS spectra of Ni 2p of NG, MG, and NG-21D. f) High-resolution XPS spectra of P 2p of NG, MG, and 
NG-21D. g) High-resolution XPS spectra of O 1s of NG, MG, and NG-21D.
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value of Rct (Figure  4e) among the comparison with the sam-
ples of NG and NG-14D, corresponding to a better and faster 
kinetics in the UOR (the values of Rct by fitting the EIS curves 
were listed in Table S1, Supporting Information). To investigate 
the electrochemical catalysis stability of NG-21D, UOR in 1 m 
KOH solution at a constant potential of 1.36 V versus RHE for 
12 h was conducted, as shown in Figure  4f. Further, NG-14D 
also tested for comparative study. NG-21D exhibits an excel-
lent stability without obvious current density deterioration. In 
addition, the current density of NG-21D is much larger than 
that of NG-14D, further confirming the better catalytic perfor-
mance of NG-21D. Figure  4g shows the potential versus RHE 
@ 10 mA cm–2 of different Ni-based catalysts. It is noteworthy 
that the present NG-21D catalyst exhibits the lowest potential 
among the other Ni-based catalysts (marked as the red bar), 
which clearly indicates the best catalytic performance.

To further study the surface composition and electronic 
states of modified NGs with the most excellent catalytic per-
formance in the UOR, XPS measurements were carried out 
with NG-21D and others three samples. The survey spectra 
containing signals of Ni, P, C, and O elements of NG-21D are 
shown in Figure S11 (Supporting Information). The high-reso-
lution spectrum for Ni 2p of NG-21D is presented in Figure 3e 
(with others high-resolution spectra of NG-7D, NG-14D, and 

NG-28D can be seen in Figure S16, Supporting Information). 
The NG-21D shows the Ni2+ 2p3/2 peak at the binding energy 
of 856.25 eV. The binding energy at 853.19 eV of NG-21D can 
be assigned to Niδ+ 2p3/2 together with the satellite peaks of 
861.68  eV (NG-21D, Figure  3e). It is obvious that the binding 
energy of Ni of NG-21D blue shifts 0.2 eV compares with that 
of NG, which suggests that the etching process promotes the 
atomic diffusion rate and give rise to an atomic rearrange-
ment.[61] For P 2p (shown in Figure  3f) of NG-21D, the two 
subspectra at 130.61 and 129.79 eV are assigned to P 2p1/2 and 
P 2p3/2 and the peak at 133.10  eV is assigned to oxidized spe-
cies (POx) in Figure  3g.[62] Compared with the NG, it can be 
clearly seen from Figure 3f that there is an obvious enhanced 
peak centered at 133.10 eV of NG-21D, where the peaks belong 
to POx

[58] indicating that the content of POx has increased after 
immersion in the NaCl solution. It is well accepted that the 
presence of POx on an electrocatalyst surface can make essen-
tial contributions to accelerate the water dissociation step.[63] 
For O 1s of NG-21D (Figure  3g), the XPS spectrum result of 
the binding energy at 533.00  eV can be assigned to POx and 
531.50  eV could be OH−, which corresponds well to the XPS 
results of P 2p in Figure 3f.

In order to gain insights in the nature of the NGs catalyst, 
XRD of five samples (NG, NG-7D, NG-14D, NG-21D, and 
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Figure 4.  The anodic reaction performance of Ni–P NG catalysts and morphology of NG-21D. a) Polarization curves of NG, NG-7D, NG-14D, NG-21D, 
and NG-28D catalysts in the OER. b) Polarization curves of the NG, NG-14D, and NG-21D catalysts in the UOR. c) Extraction of the Cdl from three Ni–P 
electrodes, NG, NG-14D and NG-21D in the UOR. d) Tafel curves of the NG, NG-14D, and NG-21D catalysts in the UOR. e) EIS of the NG, NG-14D, 
and NG-21D catalysts in the UOR. The inset shows a simplified equivalent circuit for EIS data fitting. f) The chronoamperometric test of NG-14D and 
NG-21D for 12 h at the potential of 1.36 V (vs RHE) in the UOR. g) The statistics of potential vs RHE @ j = 10 mA cm–2 for different Ni-based catalysts 
on the UOR; the red bar is for this work. h) The surface morphology image of NG-21D by SEM. i) HRSEM image from the red region in image 4 h of 
NG-21D. The black regions represent the nanopores. j) The cross-section SEM image of NG-21D.
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NG-28D) were performed to probe the glassy state of the Ni–P 
NGs. These results are shown in Figure S17 (Supporting Infor-
mation). All the Ni–P samples exhibit board diffraction peaks 
between 40° and 50°, providing proof of the amorphous struc-
ture. Since a catalytic reaction is a surface-mediated process, 
the microstructure characteristics of NG-21D were investigated 
by SEM. The images of NG-21D, as shown in Figure 4h, reveal 
substantial and homogeneous corrosion marks on the surface. 
Furthermore, the SEM images of the other samples (MG-21D, 
NG-7D, NG-14D, and NG-28D) are summarized in Figure S18 
(Supporting Information). These samples exhibit different 
degrees of corrosion of NG after soaked in the NaCl solution, 
while the MG-21D does not show an obvious corrosion. In 
order to figure out the detailed morphology of the surface of 
NG-21D, as shown in Figure 4i, the evenly distributed 3D nano-
porous structure on the surface of this sample after immersing 
in the NaCl solution (3.5 wt %) 21 days can be observed clearly. 
In Figure 4j, a cross-section image of the distributed 3D nano-
channel structure is shown, which exhibits a special honey-
comb structure with the depth of ≈1.5 µm. Combined with the 
images in Figure  4i,j, it is concluded that the structure in the 
corroded samples is a honeycomb-like nanoporous NG, which 
is consistent with the structure prepared by Luo et al.,[64] where 
a honeycomb-like porous MG prepared by subsurface tunnel 
etching in NaCl solution indicates characteristic micrometer 
scale channels and nanometer size amorphous sidewalls on the 
MG substrate. In addition, the element distribution on the sur-
face of the samples was explored using the EDS equipment in 
the SEM and showed in Figure S19 (Supporting Information). 
The EDS mapping in Figure S19 (Supporting Information) sug-
gests that the Ni and P elements are evenly distributed on the  
surface of NG-21D and there is no obvious segregation pheno
menon. Only a small amount of O element on the surface  
corresponding to the results of XPS in Figure  3g is observed. 
Furthermore, some characterizations of XRD and SEM of NG, 
NG-14D, and NG-21D after UOR were also supplemented in 
Supporting Information. According to the XRD results after 
the reaction (Figure S20, Supporting Information), all the sam-
ples still maintained a good amorphous state. And SEM results 
(Figure S21, Supporting Information) show that a serious 
oxide layer is generated on the surface of NG-14D after UOR, 
resulting in the covering of porous structure, which will greatly 
reduce its catalytic performance. However, NG-21D produces 
only a small part of oxide layer, contributing to the better the 
catalytic performance and stability of the sample.

The present work demonstrates that the energy state of the 
Ni–P MG is highly upgraded when it transformed into a NG 
structure. NG has a heterogeneous microstructure compared 
to MG, and contains more high-energy flow units as measured 
by stress-relaxation (Figure 2b–d). NG possesses a lower elastic 
modulus compared to MG and RMG as measured by AM-FM 
measurement (Figure  2e–g), indicating the highest surface 
energy state of NG. Moreover, in our previous work, it was illus-
trated by β-relaxation that a correlation between the heteroge-
neous microstructure and the energy state of NG exists.[34] It 
has been demonstrated that the intensity of the β-relaxation 
peak is attenuated with the microstructure homogenization of 
NG by heat treatment. It should be noticed that the attenua-
tion of intensity of the β-relaxation peak indicates a reduction 

of energy. Thus, it is speculated that the high-energy of the NG 
is related to the unique structure with more flow units com-
pared to the MG.

It is well accepted that the catalytic performance will ben-
efit from the high energy states. Particularly, the higher sur-
face energy will be equivalent to a higher activity, derived 
from the larger number of low-coordinated sites on a catalyst 
surface.[14–18] Catalytic active sites are usually composed of a 
few low-coordinated atoms on steps, edges and kinks.[19–21] 
Therefore, NG with high energy exhibits a promoted catalytic 
performance compared to MG, such as in the UOR and HER. 
Furthermore, NG has a smaller charge transfer resistance than 
MG in the electrolyte (Figure  3b,d and Table S1, Supporting 
Information), which is conducive to the rapid transfer of elec-
trons due to the surface high energy, then resulting in the 
enhancement of the kinetics of the catalytic reaction. Conse-
quently, NG displays a better catalytic effect than MG due to its 
highly upgraded energy state arising from the unique heteroge-
neous microstructure.

In addition, an excellent performance of NG-21D was dem-
onstrated by tuning the structure by means of immersion in a 
NaCl solution (3.5  wt%), thus forming a unique honeycomb-
like porous structure with an average length of the tunnels 
≈1.5  µm. To identify the differences between NG and MG in 
the formation of the honeycomb-like porous structure, a MG 
was also etched (Figure S18, Supporting Information). It is 
surprising that only the NGs form the nanoporous structure, 
which indicates that the different behavior is related to the 
heterogeneous microstructure with low-density (high-energy) 
interface region, as shown in Figure  2g and Figure S7 (Sup-
porting Information). Generally, porous structures promote 
the close contact between the electrode, catalyst and electrolyte, 
which ensures the rapid transfer of charge and improve the 
current of the oxidation reaction,[7,65] thus reducing the overpo-
tential in the UOR. Meanwhile, the porous structure increases 
the active surface area with high-energy and provides more 
active sites. What is more, the XPS result (Figure 3f,g) shows 
that the POx content on the surface of NG-21D has increased 
after immersion in sodium chloride solution for 21 days, sug-
gesting the formation of a passivation film of P oxide, which is 
speculated to play a synergistic role in promoting the catalytic 
reaction and be conducive to the long-term stable existence of 
the sample in the electrolyte. As a result, NG-21D has a good 
stability in the 12-h electrochemical test (shown in Figure  4f). 
In other words, the outstanding catalytic effect of NG-21D is 
deriving from both the high energy state and the unique honey-
comb-like porous structure.

3. Conclusion

Ni–P NG was successfully prepared and its extremely high 
energy state was verified in comparison to MG and even RMG. 
The high energy state (including bulk and surface energy) of 
NG is attributed to the unique heterogeneous microstruc-
ture, which significantly enhances the catalytic performance 
in water-splitting, including UOR, OER, and HER. Moreover, 
NGs with heterogeneous microstructure are a perfect precursor 
material for the fabrication of unique honey-like nanoporous 
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structure, which display a superior catalytic performance in the 
UOR. The present work provides a facile and universal strategy 
to synthesize extremely high-energy MGs by nanostructuriza-
tion and thus offers a new idea for further studies of efficient 
catalytic materials. Overall, the combination of exceptional cata-
lytic activity by combination of internal structural defects in NG 
and the formation of nanoporous structures offers new applica-
tions in the field of clean energy.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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