
Regular Article
Structure-regulated Ru particles decorated P-vacancy-rich CoP
as a highly active and durable catalyst for NaBH4 hydrolysis
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� Ru-cluster decorated P-vacancy-rich
CoP is fabricated by a controllable
method.

� The Ru9.8/r-CoP catalyst exhibits high
activity and reusability for NaBH4

hydrolysis.
� Abundant P vacancies contribute to
the formation of more uniform and
smaller Ru clusters.

� The superior performance attributed
to the synergy of Ru clusters and CoP
support.
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NaBH4 is considered the best hydrogen storage material due to its high hydrogen content of 10.6 wt% and
good stability. However, NaBH4 hydrolysis requires an efficient catalyst because of the sluggish reaction
kinetics. In this work, we have demonstrated a process of preparing a cobalt phosphide-supported Ru par-
ticulate nanocatalyst with abundant phosphorus vacancies for the first time. Electron paramagnetic reso-
nance and transmission electron microscopy revealed that the synthesized Ru9.8/r-CoP catalyst has ample
phosphorus vacancies, and Ru species are small particles (~2.5 nm) with uniform dispersion, respectively.
More importantly, the optimized Ru9.8/r-CoP catalyst has the lowest activation energy (45.3 kJ mol�1) and
exhibits excellent catalytic performance for NaBH4 hydrolysiswith a high hydrogen generation rate 9783.3
mLH2min�1 gcat�1 at 25 �C,which is higher thanmost of the cobalt-based catalysts.Moreover, the Ru9.8/r-CoP
catalyst also shows good reusability. For example, the catalytic performance only declined by ca. 14% after
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1. Introduction

The overconsumption of fossil energy and the increasing
attention to environmental issues have prompted researchers
to actively seek renewable energy to replace traditional fossil
fuels



technique is used to measured the generated H 2, and the drainage
system is connected to a computer to record instantaneous water
volume changes. During the reusability study, the catalyst was col-
lected by centrifugation and dried. The collected catalyst from the
previous experiment was added to the fresh NaBH 4 solution in the
next experiment. The catalystÕs activation energy was tested in the
temperature range from 298 to 318 K, and then calculated by the
Arrhenius equation. All tests are repeated three times to ensure
reliable results.

The hydrogen generation rate (HGR) and turnover frequency
(TOF) values are calculated according to the following equations
[34,35] ,

HGR¼
VH2OðmLÞ

t minð Þ � mðgÞ
ð5Þ

TOF¼
nH2

ðmolÞ
t minð Þ � nRuðmol Þ

ð6Þ

where VH2O is the volume of drained water, m is the total mass of
the catalyst, nH2 is the moles of generated H 2, nRu is the moles of
Ru in the catalyst, and t is the total reaction time in minutes.

ln j ¼ lnA � Ea=RT ð7Þ

Equation (7) is the Arrhenius equation, where j (L min � 1 g� 1) is
the hydrogen evolution slope, A (L min � 1 g� 1) is a constant, Ea (kJ
mol � 1) is the activation energy, R (J mol� 1 K� 1) is the gas constant,
and T (K) is the temperature of the during the test.

3. Results and discussion

The synthetic processes of the Ru/ r-CoP are illustrated in
(Fig. 1a). The CoOOH nanorods were Þrst synthesized by low-
temperature hydrothermal methods using cobalt acetate and
sodium acetate as precursors combined with PVP as a soft tem-
plate. The CoOOH precursor template was then placed in a quartz
boat and phosphorized in a nitrogen atmosphere at a relatively low
temperature of 350 � C. The P vacancies were generated by dispers-
ing the as prepared CoP nanorods into NaBH 4 solution (1.5 M). The
highly reductive condition generates r-CoP with a large number of
phosphorus vacancies. The r-CoP was redispersed in RuCl3 solu-
tion, and then the NaBH 4 solution (0.08 M) was added dropwise
to reduce the Ru 3+ to form Ru/ r-CoP.

As shown in ( Fig. 1b), the nanorod-shaped CoOOH was synthe-
sized by low-temperature hydrothermal method (the inset is the
SEM with different magniÞcations). After phosphorized, the mor-
phology of CoP still maintained the original rod-like characteristics
(Fig. 1c). However, the surface of r-CoP became rough and porous
(Fig. 1d) after treatment with NaBH 4 solution. As shown in
Fig. 1e and f, the Ru/ r-CoP and r-CoP show similar morphology
and the Ru particles are uniformly dispersed on the surface of r-
CoP (the red circle indicates the position of the Ru particles). The
statistical results of about 200 Ru particles concluded that the
average particle size is approximately 2.52 nm ( Fig. S1 and inset
Fig. 1f). In contrast, the Ru particles show an apparent agglomera-
tion on Ru 9.8/CoP (Fig. 1g). The result indicates that higher surface
area and porosity help to disperse the Ru ions thereby prevent the
agglomeration during reduction. The high-resolution TEM
(HRTEM) image (Fig. 1h) further conÞrmed the crystal structure
of the Ru9.8/r-CoP whereas the CoP nanorods show two clear lattice
spacing of 0.20 and 0.37 nm, corresponding to the crystal planes of
(210) and (101) [36] . Besides, the other two lattice fringes at 0.22
and 0.19 nm are attributed to the (210) and (101) crystal planes of
the chemically deposited RuO 2 species, respectively [37] indicating
the Ru particles were oxidized upon exposure to the air. The high-
angle annular dark-Þeld (HAADF) TEM mapping shows that Ru, Co,

P, and O elements are evenly distributed throughout the Ru 9.8/r-
CoP (Fig. 1i).

X-ray diffraction (XRD) pattern is used to explore the crystal
structure of different composite materials. As shown in Fig. S2,
the crystal structure of the Co-species prepared by the hydrother-
mal method is consistent with the standard CoOOH diffraction
peak [38] . After phosphorization ( Fig. 2a), the XRD patterns of
the prepared sample are well-matched with the typical CoP diffrac-
tion peaks (JCPDS: 29-0497) [39] . Meanwhile, the r-CoP diffraction
peaks are consistent with CoP and indicate that a NaBH 4 reduction
does not affect the crystal structure of the material. Notably, the
XRD peak intensity of Ru 9.8/r-CoP becomes weaker after the reduc-
tion and Ru loading. Fig. 2b shows Þve-strong Raman scattering
peaks at 190, 467, 510, 601, and 668 cm � 1 of all the samples, cor-
responding to the distinct regions of cobalt oxide, which may be
caused by the oxidation of CoP in the air [40] .

Furthermore, it is reported that P vacancies generated by NaBH 4

treatment [30,31] accelerate the electron transport during the
reaction, thereby accelerating the hydrogen evolution process of
NaBH4 [41] . We Þrst studied the effect of different concentrations
of NaBH4 on the generation of P vacancies. EPR spectrum found
that the most substantial unpaired electron peak was produced
when NaBH 4 concentration was 1.5 M, suggesting that the largest
proportion of P vacancies can be generated at g = ~2.08 (Fig. S3).
After the Ru-species were modiÞed ( Fig. 2c), the EPR intensity
was somewhat weakened, which may be due to the Ru-species
occupying some of the P defect sites.

The BET speciÞc surface area of Ru9.8/r-CoP, r-CoP, and CoP are
calculated to be 71.1, 39.6, and 6.6 m 2 g� 1 (Fig. 2d), along with the
adsorption average pore diameters are about 3.48, 3.51, and
2.24 nm, respectively [42] . Compared with CoP, the r-CoP has a lar-
ger BET surface area and porosity, which can disperse Ru particles
more uniformly. The Ru 9.8/r-CoP catalyst exhibits the largest BET
surface area resulting in smaller Ru particles and more uniform
dispersion, consequently providing more active sites and accelerat-
ing the transport of solutes and gas emissions compared to other
catalysts, thereby improving catalytic performance [43,44] .

To understand the catalystÕs electronic state changes, we per-
formed XPS characterization ( Fig. 3). The XPS full spectra of the cat-
alysts in Fig. S4 indicate the presence of C, O, P, Co, and/or Ru
elements, which are consistent with theoretical values. The high-
resolution XPS spectra of C 1 s + Ru 3d regions ( Fig. 3a) are convo-
luted into C A C (284.8 eV) and CA O (286.0 eV) used as calibration
standards [45,46] , and the Ru 3d core levels from Ru 9.8/r-CoP and
Ru9.8/CoP are convoluted at the binding energies of 281.1 eV,
282.3 eV (Ru 3d5/2) and 285.5 eV, 286.7 eV (Ru 3d3/2) [47,48] . It
can be seen that the area ratio of RuO 2 in r-CoP is increased to
73.7% by comparison with CoP (28.2%). The catalyst with a higher
RuO2 content showed a better reaction rate similar to that reported
in the recent literature [49,50] , revealing that the NaBH 4 hydrolysis
reaction-rate could be improved signiÞcantly through the synergy
between the Ru and RuO 2 species in the catalyst. As shown in
Fig. 3b, the Co 2p3/2 regionsÕ peaks at 778.7, 781.6, and 787.1 eV
can be ascribed to the CoÐP, CoÐO, and satellite peak, respectively
[51Ð53] . Notably, except for CoP that has an obvious Co-P peak, all
other catalystsÕ Co-P peaks become so weak that they are not
detectable. This result may be because the oxide layer ( r-CoP,
Ru9.8/CoP, and Ru9.8/r-CoP) formed on the catalystÕs surface that
is thicker than the penetration depth of XPS (about 10 nm). It
should be emphasized that we can see clear CoP characteristic
peaks in the XRD diffraction spectrum ( Fig. 2a), which further
proves that only the sample surface is oxidized. The existence of
such an oxide layer may be one of the reasons for the formation
of more homogeneously dispersed RuO 2 species on the surface of
r-CoP. The P 2p regionsÕ peaks at 130.29 and 133.79 eV can be
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4. Conclusions

In summary, we have successfully developed a facile strategy to
prepare Ru particles loaded on r-CoP nanorods that produce H 2 by
the hydrolysis of NaBH 4 in an alkaline solution. EPR, XPS, and TEM
analysis of Ru9.8/r-CoP material showed that Ru particles were uni-
formly dispersed on r-CoP nanorodsÕ surface, thereby creating
channels for rapid electron transfer, and full exposure of active
sites. The superior performance of Ru 9.8/r-CoP mainly stems from
the following facts. Firstly, the reduced cobalt phosphide has a por-
ous 3D nanorod structure, enhanced BET surface area, and speciÞc
pore structure, which provides a good platform for the uniform dis-
persion of Ru particles. Secondly, the in-situ generated Ru particles
on the r-CoP surface have a smaller particle size and expose more
active sites induced by P vacancies, thereby obtaining higher cat-
alytic activity. This research provides a new way to develop metal
phosphide based a high-performance and low-loading noble metal
catalyst for NaBH 4 hydrolysis.
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