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Abstract

Supported bimetallic catalysts exhibit excellent catalytic activity in the hydrogen generation reaction for hydrogen
storage materials, where the synergism interaction between the support and the metal needs to be explored. In this
work, highly crystalline cerium-based metal-organic framework (CeMOF) supports were prepared to support NiPt
alloy nanoparticles for the ammonia borane (AB) hydrolysis. CeMOF supports not only possess stable structural
properties and low synthesis costs, but also provide more active sites to facilitate AB hydrolysis. The optimal
catalyst, Ni,Pt,./CeMOF, exhibits a significant turnover frequency (11.07 mol,,;mol, min™) at 298 K, with the
conversion of AB reaching 100%. This work contributes a new, cost-effective approach for designing efficient
catalysts that can be used in hydrogen generation systems, which is important for the development of sustainable
energy storage technologies.
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INTRODUCTION

The escalating energy crisis has prompted the search for efficient and sustainable renewable energy sources
to replace traditional fossil fuels. Among these, hydrogen is a promising new energy carrier. One kilogram
of hydrogen releases 142,351 kJ of heat when burned, and its combustion products are clean and pollution-
free!*.. However, the safe production and transportation of hydrogen gas remain significant challenges'*.
Ammonia borane (AB) hydrolysis has emerged as a highly promising method for producing green
hydrogen, helping to reduce carbon dioxide emissions. AB has a hydrogen storage density of up to

19.6 wt%, and it demonstrates considerable stability in water”"'. In the presence of an appropriate catalyst,

12-14]

1 mol of AB can release 3 mol of hydrogen gas through hydrolysis'
(NH,BH, + 2H,0 = NH,’ + BO, + 3H,) (1)

However, the catalytic performance of most catalysts is significantly diminished at low temperatures.
Therefore, developing a catalyst that can efficiently catalyze AB hydrolysis and release hydrogen gas under
mild conditions remains a major challenge. Among these, single-metal catalysts based on Co"*'*, Rh""”,
Pt's> Cu®" exhibit excellent catalytic activity for AB hydrolysis. In particular, heterogeneous catalysts with

22-24

Pt nanoparticles (NPs) dispersed on various supports show outstanding activity”**. The combination of
numerous metal and organic ligands allows for flexible regulation of the electronic state of the metal
component, offering potential advantages over other individual porous solids. This enables the design of

catalysts with tailored structures and compositions to meet specific requirements.

Although precious metal-based catalysts typically exhibit high catalytic activity, their susceptibility to high-
temperature sintering can negatively affect their performance. Non-precious metal catalysts, while generally
exhibiting lower catalytic activity, are more cost-effective and often demonstrate excellent activity and
thermal stability. Bimetallic nanocatalysts combining precious and non-precious metals, such as PtFe),
NiCo®, PtCo", and PtNi"®, show significant catalytic activity in the AB hydrolysis reaction. This
enhanced performance is attributed to the synergistic effect between two metals, which generates more
active sites . Additionally, this bimetallic strategy effectively reduces the cost of the catalyst. Therefore,
the development of bimetallic nanocatalysts, particularly those combining precious and non-precious
metals, is a promising research direction. Bimetallic nanocatalysts are classified into ordered and disordered
alloy catalysts, based on the proportion and arrangement of metal components. These catalysts offer high
efficiency and selectivity and are widely applicable in various catalytic processes. Common methods for
bimetal loading on supports include hydrogen reduction, immersion reduction, and photocatalytic
reduction. Recent research on alloy nanocatalysts for AB hydrolysis has yielded exciting results. For
example, Li ef al. discovered a high-performance PtCo alloy supported on polyethylene imine-modified
graphene oxide catalyst for AB hydrolysis”®. Wang et al. synthesized Pt-M (M = Fe, Co, Ni) bimetallic NPs
in aqueous solution for catalyzing AB hydrolysis®. Yang et al. developed an effective Ni-Fe-P/NF ternary
catalyst for AB hydrolysis®”. However, the high cost of nickel-platinum catalysts produced by these
methods makes them unsuitable for large-scale production.

Previous research has shown that, in addition to Pt-based materials, Ni-based catalysts also exhibit activity
in AB hydrolysis reactions™. Currently, there are several examples of NiPt bimetallic catalysts for hydrogen
production from hydrazine hydrate®*, but the application of catalyzing AB hydrolysis is relatively rare.
For example, the addition of a small amount of Pt to Ni/AL,O, significantly enhances the activity and
stability of the catalyst, as the close contact between Ni and Pt increases the dispersion of the Ni metal™***'.
Tetravalent cerium-based metal-organic frameworks (CeMOF) exhibit highly stable chemical properties

due to the strong coordination bonds in their internal structure'*!. Based on the high stability, low
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synthesis cost, and high redox activity of tetravalent CeMOF, the catalytic performance of NiPt/CeMOF
alloy catalysts in AB hydrolysis reactions was investigated. CeMOF was synthesized using terephthalic acid
and cerium ammonium nitrate as raw materials in a mixed solvent of acetic acid, ethanol, and water under
308 K. A series of NiPt/CeMOF catalysts with controllable NiPt composition were then prepared using an
impregnation reduction method. The results showed that the optimal catalyst, Ni, ;Pt,/CeMOF, exhibited a
significant turnover frequency (TOF; 11.07 moly,-mol,-min”) and an activation energy of 54.04 =
2.35 kJ-mol™ under 298 K, and it also showed excellent stability and recyclability. Finally, the catalyst was
characterized by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), transmission electron
microscopy (TEM), scanning electron microscopy (SEM), and Fourier transform infrared (FTIR)
spectroscopy techniques, and the effects of various reaction temperatures, catalyst dosages, and other
conditions on the catalyst performance were also studied.

EXPERIMENTAL

Material

Cerium ammonium nitrate [Ce(NH,),(NO,),, AR], terephthalic acid (C;H,O,, 99%), and AB (NH,BH., 97%)
were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. Nickel chloride hexahydrate
(NiCL-6H,0, AR), sodium hydroxide (NaOH, AR), acetic acid (CH,COOH, AR), and anhydrous ethanol
(C,H,O, AR) were purchased from Sinopharm Chemical Reagent Co., Ltd. Chloroplatinic acid
(H,PtCl,-6H,O AR) was purchased from Nanjing Chemical Reagent Co., Ltd. Sodium borohydride (NaBH,
98%) was purchased from Shanghai Adamas Co., Ltd.

Preparation of CeMOF support

First, 820 mg of cerium ammonium nitrate, 3 mL of acetic acid, 8 mL of distilled water, and 20 mL of
ethanol were mixed in a beaker and stirred at 35 °C until the cerium ammonium nitrate dissolved
completely. Subsequently, 249 mg of terephthalic acid was added to the above-mentioned solution, and the
mixture was stirred for 1.5 h before being cooled to room temperature. The resulting precipitate was
separated by centrifugation, washed alternately with water and ethanol three times, and dried in an oven at
338 K. Finally, the obtained milky-yellow powder is the CeMOF support.

Preparation of NiPt/CeMOF catalyst

The NiPt/CeMOF catalyst was synthesized by a simple one-step co-reduction method, using CeMOF as the
support and NaBH, as a reducing agent at room temperature. Taking the Ni  Pt, ,/CeMOF catalyst as an
example, the specific steps are illustrated in Figure 1. A solution containing NiCl,-6H,0 and H,PtCl-:6H,O
in a metal molar ratio of 6:4 was mixed into a beaker, followed by the addition of 0.2 g of CeMOF support,
and the mixture was stirred evenly for 24 h. The beaker was put into a low-temperature bath at 270 K.
Subsequently, 2 mL of deionized water containing 0.02 g of NaBH, and 0.04 g of NaOH was added, and the
mixture was stirred for over 5 h to accomplish the complete reduction of the metal. The resulting product
was centrifuged, dried for 12 h, and ground to obtain the Ni, Pt, ,/CeMOF catalyst. Using the same method,
NiPt/CeMOF catalysts with different molar ratios of 1:0, 2:8, 3:7, 4:6, 8:2, 9:1, and 0:1 were prepared and
named Ni/CeMOF, Ni, Pt, /CeMOF, Ni, Pt, ,/CeMOF, Ni,,Pt, ./CeMOF, Ni, Pt,,/CeMOF, Ni,,Pt, /
CeMOF, and Pt/CeMOF, respectively. The total amount of NiPt metal used in all cases was 0.05 mmol.

Characterization

TEM images were acquired using a JEM-2000FX transmission electron microscope (JEOL Corporation,
Japan), operating at 200 kV. The XRD patterns of the samples were recorded using a Bruker AXS Ds
Advance X-ray diffractometer, equipped with a copper target (Cu Ka, 1 = 1.54056) as the diffraction source,
operating at an acceleration voltage of 40.0 kV, with a scanning range of 26 = 10°-80°. SEM images were
obtained using a Zeiss Gemini 300 field-emission scanning electron microscope. The surface elemental
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Figure 1. Schematic diagram of NiPt/CeMOF catalyst synthesis. CeMOF: Cerium-based metal-organic framework.

composition and chemical state of the sample were analyzed using Thermo Scientific K-Alpha XPS. The
framework structure of the CeMOF support was characterized by FTIR spectroscopy.

AB hydrolysis reaction over NiPt/CeMOF catalyst

The catalytic performance of NiPt/CeMOF catalyst was evaluated by measuring the hydrogen production
from AB hydrolysis using water displacement method. In this setup, 0.02 g of catalyst was placed into a
double-necked jacketed reaction flask. The reaction temperature was controlled by a low-temperature water
bath. Once the temperature stabilized at 298 K, 2 mL of deionized water containing 1 mmol AB was injected
into the reaction flask. Timing was initiated upon the appearance of the first bubble, and the time was
recorded at each 5 mL drop in water level until the reaction was complete, as indicated by a stable liquid
level. The TOF of the NiPt/CeMOF catalyst was calculated using

TOF = n(H,)/[n(metal) t] (2)

where n(H,) represents the molar amount of H, released at a 20% conversion of AB, n(metal) represents the
total molar amount of metal atoms in the catalyst, and t is the time consumed when the reaction conversion
reaches 20%.

Stability of NiPt/CeMOF catalyst for AB hydrolysis

The stability of the NiPt/CeMOF catalyst in AB hydrolysis reaction was assessed by evaluating its reusability
at room temperature. The specific procedure for the cyclic stability test is as follows: In the first test
reaction, 20 mg of NiPt/CeMOF catalyst was used for the hydrolysis reaction of AB. Upon completion of
the reaction, the reaction mixture was centrifuged, and the catalyst was washed with ethanol to remove
surface residues. The recovered catalyst was then dried for reuse. Subsequently, the recovered catalyst was
subjected to a second reaction under the same conditions as the first reaction, and the reaction data were
recorded. This process was repeated five times under identical conditions to investigate the reusability of the
catalyst.
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RESULTS AND DISCUSSION

A suitable amount of CeMOF support was put into a mixed solution of NiCl,-6H,0 and H,PtCl,-6H,O,
followed by the addition of NaBH, and NaOH used as reducing agents, to synthesize monodisperse NiPt
NPs on the surface of the CeMOF support. Seven different compositions of NiPt NPs were synthesized,
including Ni/CeMOF, Ni, ,Pt, ,/CeMOF, Ni, Pt,,/CeMOF, Ni, Pt,,/CeMOF, Ni,Pt,,/CeMOF, Ni,Pt,,/
CeMOF, and Pt/CeMOF. The CeMOF support, Ni/CeMOF, Pt/CeMOF, and Ni, Pt,,/CeMOF catalysts
were characterized by SEM. Figure 2A-D reveals that all four samples exhibit irregular particle shapes, and
the morphology of the CeMOF support remains unchanged after metal loading, indicating that the CeMOF
support possesses good structural stability. TEM was further employed to characterize Ni, Pt, /CeMOF and
Pt/CeMOF. Figure 3A and B shows that the average particle size distribution of NiPt NPs is 2.65 + 0.79 nm.
It can be found that the fit is approximate as Figure 3B is clearly not Gaussian. Figure 3C and D indicates
that Ni and Pt metal particles are uniformly dispersed on the surface of CeMOF without signs of
agglomeration. Figure 4A and B reveals characteristic vibration peaks at 1,507 cm™ for the terephthalate ion
and 1,380 cm™ for the acetate ion, confirming the successful synthesis of a highly crystalline CeMOF
support*.

The crystal structure of bimetallic NiPt NPs was determined by analyzing the XRD patterns of Ni, Pt, and
Ni, Pt,, [Figure 4C and D]. The results indicated that both Pt and NiPt NPs are face-centered cubic (111)
lattices. The characteristic peak of monometallic nickel (111) appears at 20 = 43.6°, while the peak of
monometallic platinum (111) is observed at 26 = 39.5°. However, due to the high dispersion of the metal on
the support surface and the small crystal size, the diffraction intensity is not prominent. The XRD pattern of
NiPt/CeMOF reveals that as the Ni content increases, a noticeable rightward shift in the peak position
occurs, confirming the successful alloying of Ni and Pt. The peak at 260 = 7.1° corresponds to the CeMOF
structure'™. After loading the NiPt active metal component, the diffraction peaks of Ni/CeMOF, Pt/
CeMOF, and Nj,Pt,,/CeMOF samples remain unchanged, demonstrating the structural stability of the
CeMOF support.

The surface elemental valence states of the NiPt/CeMOF catalyst were analyzed using XPS. The XPS spectra
shown in Figure 5A-F reveal the core peaks of Ni, Pt, Ce, C, and O, confirming the presence of the active
NiPt component within the catalyst. The peaks at 529.6 and 531.1 eV in Figure 5C correspond to the spin-
splitting coupling of O1s, respectively. As illustrated in Figure 5E, the characteristic peaks of Ni 2p,,, and Ni
2p,, are observed at 856.35 and 873.84 eV, respectively, while oxidized Ni atoms give rise to additional peaks
at 861.97 and 882.54 eV. In the XPS spectrum of the Pt 4f energy level [Figure 5F], two main peaks are
present at 72.23 and 75.43 eV, representing metallic Pt atoms. The peak at 71.89 eV belongs to the metal Pt
NPs, and the NiPt/CeMOF binding energy is shifted to a higher energy state by 0.34 eV [Figure 6A]; In
contrast, the peak at 856.76 eV belongs to the metal Ni NP, with the NiPt/CeMOF binding energy shifted to
a lower energy state by 0.41 eV [Figure 6B]. These shifts in binding energy further confirm that NiPt NPS in
NiPt/CeMOF has an alloy structure.

The catalytic performance of different catalysts was evaluated to investigate the effect of alloy on the
catalytic performance. Figure 7A shows the relationship between the volume of hydrogen gas produced by
AB hydrolysis and reaction time catalyzed by NiPt/CeMOF catalysts with different NiPt molar ratios at
298 K. Seven different NiPt NP compositions were tested, including Ni/CeMOF, Ni,,Pt, ,/CeMOF, Ni,,Pt, ./
CeMOF, Nj, Pt,,/CeMOF, Ni, Pt,,/CeMOF, Ni, Pt, ,/CeMOF, and Pt/CeMOF. The results show that
monometallic Ni/CeMOF exhibits no catalytic activity for AB hydrolysis, while Pt/CeMOF demonstrates
significant catalytic performance but incurs higher costs. The catalytic performance of alloyed NiPt/CeMOF
was significantly enhanced, with the Ni, Pt,,/CeMOF catalyst showing the highest activity. Figure 7B
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Figure 2. SEM images at the same magnification: (A) CeMOF, (B) Ni/CeMOF, (C) Pt/CeMOF, (D) Ni¢Pt,,/CeMOF. SEM: Scanning
electron microscopy; CeMOF: cerium-based metal-organic framework.
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Figure 3. TEM images of NiPt NPs on Ni, .Pt,,/CeMOF, (A and C) Ni,Pt,, (B) NiPt alloy particle size, (D) Pt. TEM: Transmission
electron microscopy; NPs: nanoparticles; CeMOF: cerium-based metal-organic framework.
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Figure 4. (A and B) Ce (IV)-MOF infrared spectrum; (C and D) XRD patterns of Ni/CeMOF, Pt/CeMOF, and Nij(Pt, ,/CeMOF. MOF:
Metal-organic framework; XRD: X-ray diffraction; CeMOF: cerium-based metal-organic framework.

displays the TOF values for the seven catalysts. At a total metal molar amount of 0.05 mmol, the Ni, Pt, ./
CeMOF catalyst achieved a maximum TOF value of 11.07 moly;,-mol, min™. For example, in the absence of
visible light, it takes 16.5 min for AB to be fully catalyzed by the Ni, Pt, /TiO, catalyst prepared by Wan
et al™. Increasing or decreasing the Ni content from this ratio resulted in reduced reaction rates,
suggesting a synergistic effect between Ni and Pt in the alloy. The effect of Ni, [Pt,,/CeMOF catalyst dosage
and AB concentration on AB hydrolysis was further investigated. Figure 7C shows the hydrogen production
volume and reaction time curves for catalyst dosages ranging from 20 to 40 mg at 298 K. The results
indicated that the hydrolysis rate increased with higher catalyst dosages. In Figure 7D, the reaction rates of
different catalyst concentrations were calculated, and the logarithm of the reaction rate (In[rate]) was
plotted against the logarithm of catalyst concentration (In[cat]). A linear relationship was observed,
confirming that the reaction rate is proportional to the catalyst concentration. The influence of AB
concentration on catalytic performance was examined while keeping other parameters constant. Figure 7E
depicts the hydrogen gas volume and reaction time for 20 mg of Ni, Pt, ,/CeMOF catalyst at various AB
concentrations. While the hydrogen gas volume increased with higher AB concentrations, the
dehydrogenation rate remained constant. The logarithm of the hydrolysis reaction rate (In[k]) was plotted
against the logarithm of AB concentration (In[AB]), resulting in the linear equation In[k] = 0.066Iln[AB] +
2.54 with a slope close to zero [Figure 7F]. This indicates that the reaction is zero-order with respect to AB
concentration, and the reaction rate is independent of AB concentration in the presence of Ni, Pt, ,/CeMOF
catalyst.
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Figure 5. (A) XPS full spectrum of Ni, Pt, ,/CeMOF, (B) C 15,(C) O 1s,(D) Ce 3d,(E) Ni 2p,(F) Pt 4f.XPS: X-ray photoelectron
spectroscopy; CeMOF: cerium-based metal-organic framework.

Finally, we investigated the effect of temperature (293-313 K) on AB hydrolysis while maintaining constant
AB (1 mmol) and Ni,Pt,,/CeMOF (20 mg) dosages. Figure 8A illustrates the relationship between the
volume of hydrogen gas produced and reaction time under varying temperature conditions. As expected,
the reaction rate increased with temperature, significantly reducing the time required for complete
hydrolysis of AB from 7.36 to 1.43 min. The reaction rates were calculated from the reaction curves at
different temperatures [Figure 8A], and the corresponding reaction rate constants (k) were determined.
Subsequently, the logarithm of k (In[k]) was plotted against the reciprocal of the reaction temperature (1/T),
as shown in Figure 8B. The resulting linear equation was In[k] = 24.30 - (6.5 + 0.283) (1,000/T). From this,
the activation energy for the AB hydrolysis reaction catalyzed by Ni, ,Pt, ,/CeMOF was calculated to be 54.04
+2.35 kJ/mol.
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framework.

The cyclic stability of Ni, Pt,,/CeMOF catalyst in catalyzing AB hydrolysis was evaluated, and Figure 8C
shows the relationship between the volume of hydrogen released and the reaction time during each cycle. At
298 K, data from the first AB hydrolysis reaction catalyzed Ni, Pt, ,/CeMOF were recorded, and the used
catalyst was recovered. Four subsequent AB hydrolysis experiments were then conducted under identical
reaction conditions, and the corresponding hydrogen volume and reaction time curves were plotted. The
results demonstrate that the Ni  Pt,,/CeMOF catalyst maintains its catalytic activity over five reaction
cycles, as shown in Figure 8C, with further confirmation of its excellent cyclic stability provided by the data
in Figure 8D. The increasing reaction time observed for each cycle is attributed to the partial loss of NiPt
alloy particles during the reaction, which affects the catalytic activity over successive cycles.

The hydrolysis mechanism of AB over Ni,Pt,,/CeMOF involves several key steps. Initially, the Ni, Pt,,
alloy NPs, supported on the highly crystalline CeMOF, provide active catalytic sites for the interaction with
AB. The process begins with the adsorption of AB onto the catalyst surface, where the strong metal-support
interactions facilitate the weakening of the B-H bonds in AB. Subsequently, hydroxyl ions from the aqueous
medium attack the boron atom in AB, leading to B-H bond cleavage and the formation of boron oxides and
hydrogen gas. The unique electronic properties and geometric structure of the Ni, Pt,, alloy improve the
reaction’s activation energy by stabilizing transition states, thereby accelerating the reaction rate. As the
reaction progresses, the desorption of generated hydrogen molecules from the catalyst surface occurs, while
residual species from AB hydrolysis continue to react, resulting in the complete conversion of AB into
hydrogen. The catalytic activity of Ni, Pt, ,/CeMOF is further augmented by the porous structure of the
CeMOF support, which provides a larger surface area and an abundance of active sites, promoting efficient
hydrogen production. Although the high cost of Pt (132.5 $/g) limits its industrial application, the
incorporation of the cheap metal Ni (5.7 $/g) can significantly reduce the overall cost of the catalyst. This is
prone to the cost of the NiPt alloy for large-scale applications.

CONCLUSION

In summary, we report a simple impregnation reduction method for preparing a novel catalyst for AB
hydrolysis. Firstly, CeMOF was prepared by an oil bath thermal method, followed by the successful
preparation of a series of NiPt/CeMOF nanocatalysts for AB hydrolysis. By varying the Ni/Pt molar ratio,
the optimal Ni, Pt,,/CeMOF exhibited the best catalytic activity, complete hydrogen generation from AB
hydrolysis in just 5.6 min at 298 K, with a TOF reaching 11.07 moly;,-mol, -min”, exceeding most of the
reported catalysts in literature. Additionally, the catalyst demonstrated excellent stability after 5 cycles of
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Figure 7. (A) Under 298 K conditions, the gas volume and reaction time curves of AB hydrolysis catalyzed by NiPt/CeMOF with
different NiPt molar ratios; (B) TOF values corresponding to catalysts with different NiPt molar ratios; (C) Rate curves of AB hydrolysis
catalyzed by NijPt,./CeMOF catalysts with different dosages; (D) Relationship curve between logarithm of reaction rate and
logarithm of catalyst dosage; (E) Relationship between AB hydrolysis reaction rate and concentration; (F) Relationship curve between
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CeMOF: cerium-based metal-organic framework; TOF: turnover frequency.

use. Kinetic studies indicate that the hydrogen generation reaction for AB hydrolysis is zero-order with
respect to AB concentration, but first-order with respect to the catalyst amount. The outstanding
performance of the NiPt/CeMOF catalyst is attributed not only to the unique structure of CeMOF but also
to the strong interaction between NiPt alloy NPs and the CeMOF support, as confirmed by the
aforementioned characterization techniques. This work not only provides a novel catalyst for efficient AB
hydrolysis but also offers insights into the design of bimetallic catalysts supported on CeMOF, paving the
way for more sustainable hydrogen production technologies.
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Figure 8. (A) Rate curves of AB hydrolysis catalyzed by NijPt, ,/CeMOF at different temperatures; (B) Relationship curve between
logarithm of reaction rate K and reciprocal of temperature; (C) Stable performance of Ni, Pt, ,/CeMOF (20 mg) catalyzing AB (0.5 M,
2 mL) hydrolysis cycle under 298 K conditions; (D) The TOF value corresponding to each cycle reaction of the catalyst. AB: Ammonia
borane; CeMOF: cerium-based metal-organic framework; TOF: turnover frequency.
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