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ABSTRACT: A new and reusable hybrid catalyst of Pt/CeO2−Co7Ni2Ox is
fabricated readily, in which a high dispersion of Pt atomic cluster is
successfully achieved by the introduction of CeO2. The oxidation states of
each elemental metal in varied compositions are studied systematically to
design the catalyst. The optimal Pt/CeO2−Co7Ni2Ox catalyst exhibits an
extremely high specific H2 evolution rate of 7834.8 mLH2 min

−1 gcat
−1 and

turnover frequency of 679.0 molH2 min−1 molPt
−1 for the hydrolysis of

alkalized NaBH4 solution. It is one of the most efficient catalysts so far, and
the reason is ascribed to the lower activation energy (47.4 kJ mol−1) as we
confirmed. The lower energy barrier and high performances mainly results
from the ultrasmall Pt atomic clusters, which have more active sites to
adsorb and break the B−H bonds in BH4

− ions for the generation of
negative charged H− via electron transfer, and then the H− can immediately
combine with the positive charged H+ (originated from the weakened H−O−H bond on the Ce−Co−Ni oxide) to produce H2
fast.

KEYWORDS: CeO2, Pt-Alloy particles, Hydrolysis, Sodium borohydride, Reusability

■ INTRODUCTION

The conventional energy sources including the coal, oil, and
natural gas are unable to meet the increased energy
requirement currently,1 and also the reaction byproducts
(e.g., CO2, nitrous oxides, sulfur oxides) can lead to a serious
environmental pollutions (e.g., greenhouse effect, acid rain,
etc.) which cannot satisfy the sustainability request.2 Thus, it is
urgent to explore an alternative to replace the fossil fuels.
Recently, hydrogen (H2) has attracted great attention due to
the higher energy density (ca. 3 times higher than that of
conventional oil) and zero-elimination after the use (e.g., only
the nonpolluted water formed).3 Though the storage and
transportation of H2 under a high pressure in a safe manner is
still challenging. Alternatively, the hydrogen can be stored and
transported safely as hydrogen atoms in chemical materials
(e.g., NaBH4, NH3BH3, etc).

4,5 The materials of metal hydride,
boron hydride, amides, borane ammonia, and formic acid are
well-known candidates for this issue as reported.6−8 Note that
the features of sodium borohydride (NaBH4) including the
high hydrogen storage capacity (10.8 wt %) and easy separation
of H2 from the products (NaBH4 + 2H2O → NaBO2 + 4H2)
enable it to be very attractive.9−12 However, explore a highly

efficient catalysts to activate the H atoms in the NaBH4 is still
challenging.
To date, most transitional elements have been explored as

potential catalysts for the catalytic hydrolysis of NaBH4,
13−15

because the non-noble metal-based catalysts (e.g., Fe, Co, Ni,
etc.) are considered to be the most promising candidates; but,
the low activities and inferior cycle stability hinder their
development seriously.16−23 By contrast, the precious metal
based catalysts (e.g., Pt, Pd, and Ru) exhibit an excellent
catalytic activity, but the high cost cannot meet the huge
demand in industrial production. To overcome these
disadvantages, the noble/non-noble based hybrid catalysts
were developed,24 which can largely decrease the noble metal
amount and get a relatively high catalytic activities. As a result,
the hybrid catalysts of Pt/3D SiC,25 Pt/SiO2,

26 Pt/Co3O4,
27

Pt/LiCoO2,
28 Ni−Ru,29 Co0.8−Ag0.2−B,

30 Ni/Au/Co,31

Ni0.9Pt0.1/Ce2O3,
32 and Rh/Ni BNPs,33 have been widely

reported, but the performances in terms of specific H2
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evolution rates, turnover frequency values, and long-term
reusability still have a large space to be enhanced.
Herein, a new hybrid catalyst of Pt/CeO2−Co7Ni2Ox is

reported, in which the CeO2 is introduced to tailor the Pt
atomic clusters on Co−Ni oxide support for a fine dispersion
and higher catalytic performance. Besides, the effect of Co/Ni
ratio and the role of CeO2 were studied in detail. Our
designated Pt/CeO2−Co7Ni2Ox hybrid catalyst exhibits ex-
cellent catalytic ability for hydrolysis of alkalized NaBH4
solution, in which a faster specific H2 evolution rate, higher
TOF value, and longer time reusability are obtained. A catalytic
mechanism model on the Pt/CeO2−Co7Ni2Ox hybrid catalyst
is presented to interpret the higher performances.

■ EXPERIMENTAL SECTION
Catalysts Preparation. All chemical reagents are analytical grade

and used without further purification. The hybrid Pt/CeO2−Co7Ni2Ox
catalyst was prepared by a one-pot reduction method. Typically, 83.3
mg of CoCl2·6H2O (0.35 mM), 23.7 mg of NiCl2·6H2O (0.1 mM),
35.5 mg of Ce(NO3)3·6H2O, and 2.78 mL of H2PtCl6 (3.7 wt %) were
dissolved in 60 mL of water containing 109.8 mg of hexadecyl
trimethylammonium bromide (CTAB). The solution was ultra-
sonicated for 10 min first and then kept with magnetic stirring for 2
h. Afterward, 10 mL of fresh aqueous NaBH4 with the concentration of
10 mg mL−1 was added into the above solution under stirring, and the
lathers were removed by spraying 10 mL of ethanol as the antifoaming
agent. After the reaction for 20 min, the black samples was collected
and washed by H2O and C2H5OH several times, and finally it was
freeze-dried at −50 °C for overnight. The as-prepared sample was
named as Pt/CeO2−Co7Ni2Ox (Figure S1). Using the same
procedures, the molar ratio of Co/Ni in Pt/CeO2−ComNinOx (m +
n = 9) were prepared to search an optimal value, in which the
theoretical mass loading of Pt were fixed at 20 wt % in the total mass
of metal. Besides, different loading of Pt was further optimized on the
selected CeO2−Co7Ni2Ox composite. The Pt particles supported on
the commercial XC-72 carbon (20 wt %) were also prepared using
NaBH4 as the reducing agent directly for the comparison.
Catalyst Characterizations. The morphologies and micro-

structures of the catalysts were characterized by scanning electron
microscopy (SEM, FEI Quanta 200 FEG) with X-ray energy dispersive
spectrometry (EDS) and transmission electron microscopy (TEM,
JEM-2100F). The crystalline information on catalysts was analyzed by
X-ray powder diffraction (XRD, Rigaku D/Max 2500 V/PC) with a
sweep speed for 2.0° min−1. The X-ray photoelectron spectrometer
(XPS, JPS-9010 Mg Kα) was used to analyze the chemical states of
different elements. The actual loadings of different metals in the
catalyst were checked by inductive coupled plasma atomic emission
spectroscopy (ICP-AES, IRIS Intrepid II XSP).
Catalytic Measurements. The catalytic activities, reusability, and

activation energy of as-prepared catalysts for H2 evolution of NaBH4
hydrolysis were analyzed as follows. In detail, 50 mL of 150 mM
aqueous solution of NaBH4 containing 0.4 wt % NaOH was injected
into a round-bottomed flask (100 mL) and stirred for 0.5 h at 298 K in
a water bath. 10 mg of catalyst was added into the above solution, and
the generated H2 was elevated by a drainage method, in which the
overflowed water was collected and weighted by a balance. The
reusability procedures of the catalyst were described as below. The
above hydrolyzed solution of NaBH4 was stirred for another 1.0 h for
the completed reaction in the first-cycle, and then the catalytic
procedure of NaBH4 hydrolysis was repeated and detected the H2
generation again using the same amount of NaBH4. The activation
energy of the hybrid catalyst was evaluated in the same system under
the different temperatures of 298, 303, 308, 313, and 318 K. The
hydrogen generation rate (HGR) and turnover frequency (TOF)
values are calculated as follows:23,34 HGR = VH2O/(mtotal × t) and
TOF = nH2/(nPt × t), where VH2O is the volume of drained water
(mL), mtotal is the total mass of the hybrid catalyst (g), nH2 is the moles

of generated H2, nPt is the moles of Pt in the hybrid catalyst, and t is
the total reaction time (min).

■ RESULTS AND DISCUSSION
Structural Features of CeO2-Induced Catalyst. A

comparative X-ray diffraction patterns (XRD) patterns of
CeO2-tuned Pt/Co7Ni2Ox and Pt/Co7Ni2Ox hybrid catalyst is
shown in Figure 1a. The indexed peaks at 40.3, 46.8, and 68.8°

were ascribed to the face-centered cubic structure of metal Pt
(JCPDS: 04-0802),35 whereas the peaks located at ca. 11.3°,
22.9°, 33.6°, 34.6°, and 61.0° demonstrate the existence of
crystal Ni(OH)2 (JCPDS: 38-0715). Importantly, two
diffraction peaks at ca. 28.6 and 56.3° corresponding to the
crystal facets (111) and (311) of CeO2 (JCPDS: 34-0394)36

appear on the CeO2-tuned Pt/Co7Ni2Ox catalyst, indicating the
CeO2 was incorporated into the composite. Note that there is
no diffraction peaks of Co species detected in the hybrid
materials, indicating that amorphous form of Co species. Note
that the diffraction peaks of Pt shifts positively comparing to
the standard peaks of Pt, confirming the partial alloys of Pt and
Ni/Co are formed in the catalysts. Moreover, it should be
noted that no Pt−Ce alloy existed in the Pt/CeO2 composite
compare to the commercial Pt/C material (Figure S2).
The microstructural differences of Pt/Co7Ni2Ox and Pt/

CeO2−Co7Ni2Ox are further characterized. The Pt/Co7Ni2Ox

Figure 1. (a) XRD patterns of the synthesized Pt/CeO2−Co7Ni2Ox
and Pt/Co7Ni2Ox composites. (b) High-resolution TEM image of the
Pt/Co7Ni2Ox. (c) High-resolution TEM image of the Pt/CeO2−
Co7Ni2Ox. (d) EDS mapping of the Pt/CeO2−Co7Ni2Ox with Pt, Ce,
Ni, Co, and O, respectively.
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catalyst consists of lots of larger particles, where the Pt
aggregated particles are dispersed randomly on the surface of
the Co7Ni2Ox composite, as shown in Figure S3. By contrast,
the Pt/CeO2−Co7Ni2Ox catalyst presents particulate structures
and they interconnect each other regularly after the
introduction of CeO2 (Figure S4). Another salient different is
the distribution of Pt-alloy atomic clusters, which are
intertwined with the support of Co7Ni2Ox, as confirmed by
the different lattice spaces of ca. 0.265 and 0.139 nm ascribed to
the crystal facets of Ni(OH)2 (101) and Pt (220) (Figure 1b).
Alternatively, the Pt-alloy atomic clusters have a high
distribution around at ca. 1.44 nm on the CeO2−Co7Ni2Ox
surface, which is significantly smaller than the Pt alloy clusters
on Co7Ni2Ox support (Figure S5). Besides, the fine distribution
of Pt-alloy atomic clusters on the skeleton structures of CeO2−
Co7Ni2Ox is further confirmed by TEM image (Figure 1c), in
which the lattice spacing of the Pt atomic clusters is almost
undetectable. The energy dispersive spectroscopy (EDS)
reveals again that the elements of Pt, Ce, Co, Ni, and O in
the Pt/CeO2−Co7Ni2Ox are uniformly distributed (Figure 1d,
Figure S6), in which the actual Pt loading in the composite is
10.05 wt % (Table S1).
Chemical States Analysis. To identify the elemental

valence in the Pt/CeO2−Co7Ni2Ox catalyst, the X-ray photo-
electron spectroscopy (XPS) measurement was performed. The
full-range XPS spectrum demonstrates the existence of Pt, Ce,
Co, Ni, O, and C elements (Figure S7), which is consistent
with the analysis of energy dispersive spectroscopy. Before
analysis, the high-resolution C 1s spectrum is corrected for the
spectrum, and it can be convoluted with three main peaks at
CC (284.8 eV), CO (286.0 eV), and CO (288.9 eV)
(Figure S7).37 First, the partially overlapped high-resolution Pt
4f and Ni 3p spectra in Figure 2a are convoluted into Pt 4f and
Ni 3p regions, respectively. The main pair of asymmetric peaks

at 71.8 and 75.1 eV in Pt 4f region confirm the existence of
metallic Pt0, whereas the peaks at 72.8 and 76.0 eV are
attributed to Pt2+ species, and the peaks at 74.0 and 77.3 eV are
related to Pt4+ species.38,39 In the Ni 3p region, it can be split
into a pair of peaks with binding energies at 67.9 eV for Ni
3p3/2 and 69.3 eV for Ni 3p1/2, which are consistent with the
binding energies of Ni2+ in oxide or hydroxide,40 as confirmed
in XRD patterns (Figure 1a). In the Ce 3d + Ni 2p region as
shown in Figure 2b, the binding energy at 897.9 eV is
considered as Ce 3d5/2 of CeO2, whereas the binding energies
at 900.7, 906.7, and 916.5 eV are resulted from Ce 3d3/2 of
CeO2.

41 In the subsequent Ni 2p region, the appearance of Ni
2p3/2 from Ni oxide or hydroxide at binding energy of 855.7 eV
is consistent with the analyzed results of Ni 3p. Both results
confirm the existence of CeO2. In addition, the high-resolution
Co 2p3/2 spectra with fitting peaks at 780.6, 782.4, 786.1, and
790.5 eV can be identified as Co(OH)2 species (Figure 2c).

42,43

As a comparison, the high-resolution Pt 4f + Ni 3p spectrum of
Pt/Co7Ni2Ox catalyst is further analyzed in Figure 2d. The
content of metallic Pt0 in Pt/Co7Ni2Ox (61.9%) is significantly
higher than that in the Pt/CeO2−Co7Ni2Ox (52.3%) hybrid
material (Figure S8). This result indicates that the introduction
of CeO2 in the hybrid material can considerably increase the
amount of oxidized Pt species (Table S2).

Catalytic Performance. The effect of Co/Ni molar ratio
for the catalytic performance of CeO2-tailored Pt-alloy atomic
clusters on Co−Ni oxide support are studied for H2 generation
in 150 mM NaBH4 at ∼298 K (Figure S9). It is found that the
hydrolysis performance gradually increases as increasing the Co
amount (Figure 3a). The related specific H2 evolution rates of
catalyst with different Co/Ni ratio for hydrolysis of NaBH4
solution is shown in Figure 3b. The designated Pt/CeO2−
Co7Ni2Ox hybrid catalyst shows the higher specific H2

evolution rate of 7834.8 mLH2 min−1 gcat
−1, which is 4.95-

Figure 2. High-resolution XPS spectra of (a) Pt 4f + Ni 3p, (b) Ce 3d + Ni 2p, and (c) Co 2p for Pt/CeO2−Co7Ni2Ox. (d) High-resolution XPS
spectra of Pt 4f + Ni 3p from Pt/Co7Ni2Ox.
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and 1.31-fold higher than the Pt/CeO2−Ni9Ox and Pt/CeO2−
Co9Ox catalysts, respectively. Besides, the Pt/CeO2−Co7Ni2Ox

catalyst has a high TOF value of 679.0 molH2 min−1 molPt
−1.

These values are superior than 832.0 mLH2 min−1 gcat
−1 and

31.5 molH2 min−1 gPt
−1 of Pt/XC-72 (20 wt %) (Figure S10),

fully demonstrating the positive effect of transition metal oxide
in catalytic hydrolysis reaction. Besides, these values are also
much higher than 3502.2 mLH2 min−1 gcat

−1 and 508.4 molH2
min−1 molPt

−1 of Pt/Co7Ni2Ox without CeO2 (Figure 3c). The
enhanced capabilities should be ascribed to the smaller Pt
clusters induced by CeO2, in which the tiny crystals can bring
more grain boundaries and active sites for the reactions. Thus,
the Pt/CeO2−Co7Ni2Ox hybrid catalyst demonstrates the
higher catalytic activities and it indicates the existence of a
significant synergistic effect. Additionally, it can find that single
CoOx, NiOx, CeO2, and CeO2−Co7Ni2Ox particles almost do
not have the capacity for hydrolysis of NaBH4 (Figure S11).

Furthermore, we find that a higher Pt loading demonstrates a
higher specific H2 evolution rate, in which the specific H2

evolution rate of Pt1.0/CeO2−Co7Ni2Ox increases 1.47-fold
compared to that of Pt0.5/CeO2−Co7Ni2Ox, but the increment
is only 1.15-fold when the Pt increases from Pt1.0/CeO2−
Co7Ni2Ox to Pt1.5/CeO2−Co7Ni2Ox, as shown in Figure 3d.
Thus, the utilization efficiency of Pt in Pt1.0/CeO2−Co7Ni2Ox

hybrid catalyst is another feature for applications. Note that the
catalytic activities of desingated Pt1.0/CeO2−Co7Ni2Ox are
comparable and even superior than most results reported
before (Figure 3e).25−34,44−51

The advantages of CeO2-tailored catalyst were further
confirmed in its reusability. We find that the Pt/CeO2−
Co7Ni2Ox catalyst requires only about 6.6, 9.0, 9.7, 9.9, and
12.7 min to get 500 mL of H2 for the consecutive five runs
(Figure 4a), respectively. Specially, the special H2 evolution rate
is almost undetectable before conducting each recycle test

Figure 3. (a) Time dependent H2 generation and corresponding (b) specific rates for H2 evolution on different CeO2 tuned Pt-alloy/Ce−Co−Ni
hybrid catalysts for NaBH4 hydrolysis. Time dependent H2 generation on (c) Pt/CeO2−Co7Ni2Ox and Pt/Co7Ni2Ox and (d) support of CeO2−
Co7Ni2Ox modified with different loadings of Pt for NaBH4 hydrolysis. Insets are corresponding calculated specific rates for H2 evolution. (e)
Comparison of this work with ever reported literatures for H2 generation.
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(Figure S12). The specific H2 evolution rate of Pt/CeO2−
Co7Ni2Ox in Figure 4b is much higher than that of Pt/
Co7Ni2Ox. The different catalytic behaviors with and without
CeO2 was interpreted by the activation energy, and the time-
dependent H2 evolution activity was evaluated for hydrolysis of
alkalized NaBH4 at different temperatures. As shown in Figure
4c, the specific reaction rates (k) slowly increase with increasing
the applied hydrolysis temperatures from 298 to 318 K for
NaBH4 hydrolysis. The activation energy of catalyst can be
calculated by the Arrhenius equation: k = A · e−Ea/RT, where the
k (L min−1 g−1) is the specific H2 evolution rate, Ea is the
activation energy (kJ mol−1), R is the gas constant (8.314 J
mol−1 K−1), and T is the applied solution temperature (K).
According to the equation, the calculated activation energy of
the Pt/CeO2−Co7Ni2Ox hybrid catalyst is 44.7 kJ mol−1 (see
Figure 4d), which is apparently lower than 48.4 kJ mol−1 of the

Pt/Co7Ni2Ox, as well as most values reported before (Table
S3). Additionally, the slow deactivation of the catalysts as
cycling should be ascribed to the coeffect of Pt-alloy
agglomerations (Figure S13), the varied chemical state of
components (Figure S14) and the adsorbed reaction by-
products (e.g., BO2

−) on the active sites.52

Catalytic Mechanism Analysis. The TOF value of Pt/
CeO2−Co7Ni2Ox catalyst is ca. 1.34-fold higher than that of the
Pt/Co7Ni2Ox catalyst, as shown in Figure 5. The improved
catalytic performance results from the introduction of CeO2

that can produce more tiny Pt atomic clusters, giving rise to
more grain boundaries between the Pt atomic clusters and
transition metal oxides support; therefore, they can significantly
enhance the catalytic capabilities of NaBH4 hydrolysis via
synergistic effect. In detail, the dissolved BH4

− ions can be
selectively adsorbed onto the Pt-alloy atomic clusters surface

Figure 4. (a) Recycling stability test of the Pt/CeO2−Co7Ni2Ox hybrid catalyst in 150 mM NaBH4 + 0.4 wt % NaOH solution at ∼298 K. (b)
Summarized TOF values and specific H2 evolution rates with different recycle times from panel a. (c) Temperatures effect on the designated Pt/
CeO2−Co7Ni2Ox hybrid catalyst for hydrolysis of NaBH4 to H2 production. (d) Arrhenius plots are derived from panel c.

Figure 5. Catalytic mechanism diagram of the Pt/Co7Ni2Ox and Pt/CeO2−Co7Ni2Ox hybrid catalysts for H2 generation by hydrolysis of NaBH4
solution.
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due to the existence of a large number of vacant 5d orbitals in
the hybrid catalyst, the high molar ratio of [BH4

−]/[Pt] can
facilitate the broken of the chemical bonds of B−H of BH4

−

ions, generating negative charged H− by electron transfer from
BH4

− ions through the structure of Pt/CeO2−Co7Ni2Ox.
27,52

And also, the coexistent Ce4+/Ce3+ redox couple in the hybrid
material can help promote the electron transfer process (Figure
S14). Meanwhile, the H−OH bonds of adsorbed H2O
molecules on the hydrophilic Ce−Co−Ni oxide could be
weakened, thus favoring the formation of H2 (H

+ + H− → H2)
by promoting the ionization of H2O (H2O ↔ H+ + OH−).31,53

Thus, the higher performances result from the synergetic effect
of Pt-alloy atomic clusters and Ce−Co−Ni oxide support.

■ CONCLUSIONS
In summary, the CeO2 tailored Pt-alloy atomic clusters on Ce−
Co−Ni oxide support have been designed for highly efficient
Pt/CeO2−Co7Ni2Ox hybrid catalyst by a facile reduction
method. The molar ratio of Co/Ni, the role of CeO2, and
loading effect of Pt were studied in detail for designing the
desired catalyst. We find that the Pt/CeO2−Co7Ni2Ox catalyst
can significantly enhance the catalytic ability of H2 evolution
from hydrolysis of alkalized NaBH4 solution at room
temperature. The high specific rate and TOF value for H2
evolution were confirmed resulting from the synergistic effect
between the tiny Pt-alloy atomic clusters and Ce−Co−Ni oxide
support, which can adsorb and break B−H bonds of BH4

− and
weaken H−O bonds of H2O via electron transfer effect to
generate H2. This work develops an efficient strategy to design
a highly active and robust catalyst for H2 generation on
hydrolysis of NaBH4 in which the catalytic reaction mechanism
was discussed, and we postulate it is applicable in other fields.
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