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Hydrogen (H2) fuel has emerged as a clean and sustainable energy source, however, efficient and 
safe storage of H2 remains challenging. This study synthesized phosphorus-doped hydrochar (HC) 
from malt bagasse waste (BSG) using hydrothermal process with phosphoric acid (H3PO4) activation 
in a one-pot reaction, known as wet pyrolysis, under mild synthesis conditions. The HC was then 
used as a carbon support for cobalt (Co) and nickel (Ni) nanoparticles to catalyze H2 evolution from 
the solid-state chemical store sodium borohydride (NaBH4). The nanocatalysts were characterized 
using various techniques, including transmission electron microscopy (TEM), Fourier transform 
infrared spectroscopy (FTIR), X-ray diffraction (XRD) and Brunauer-Emmett-Teller (BET) 
analysis. In the H2 evolution reaction from NaBH4, the catalysts demonstrated notable catalytic 
efficiency, with hydrogen generation rates of 2193.17 mL min−1 g−1 for monometallic (Co NPs-HC) 
and 1205.74 mL min−1 g−1 for bimetallic composition (Co/Ni NPs-HC (80:20)). Additionally, the 
bimetallic Co-Ni nanocatalyst exhibited stronger stability, maintaining performance over up to six 
reuse cycles. These findings highlight the potential of the developed nanocatalysts for practical 
applications in safe hydrogen generation processes, in addition to promoting the circular economy 
through the reuse and aggregation of value to BSG generated in tons annually by the beer industry.

Keywords: biomass waste, one-pot hydrothermal synthesis, biochar, catalysis, hydrogen fuel, 
sodium borohydride

Introduction

The global beer industry produces approximately 
90 tons of malt bagasse waste (BSG) annually. For every 
100 L of beer produced, 45 kg of BSG are generated, making 
it the most abundant by-product of beer production.1 BSG 
is commonly used as animal feed, for biogas production, 
or disposed of in landfills.2 Finding ways to exploit the full 
potential of BSG not only adds value to the by-product but 
fosters a circular economy.

One approach involves converting BSG into 
hydrochar  (HC), a versatile material with potential 
applications in contaminant adsorption,3 energy storage,4 
soil amendment5 and catalysis.6 This conversion can be 
achieved through hydrothermal carbonization (HTC), a 
process that occurs under subcritical water conditions, with 
temperatures between 100 and 374 °C and pressures above 

atmospheric. In this range, water remains liquid but with 
properties intermediate between the liquid and supercritical 
states, making it effective as a solvent or reactive medium 
in biomass decomposition reactions, such as the conversion 
of waste into hydrochar.7 This material is different from 
pyrochar, which is obtained from dry pyrolysis that occurs 
at high temperatures in an inert atmosphere. In addition to 
the milder synthesis conditions, a key advantage of HTC 
is that the biomass does not require pre-drying before the 
process, as the water content can be effectively utilized in 
the hydrothermal conversion.

The HC applications are made possible by their inherent 
properties, such as high surface area and porosity, which 
can be further enhanced through chemical or physical 
activation.7 Baytar et al.8 synthesized hydrochars from 
pinecones and Rheum ribes peels and used them in the 
hydrolysis of sodium borohydride under microwave 
irradiation at different temperatures. It is important to 
highlight those different types of biomasses produce 
biochars with distinct properties, making the investigation 
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of their characteristics and potential applications essential. 
The hydrothermal carbonization of BSG by one-pot 

activation with phosphoric acid (H3PO4) results in a material 
with a significantly increased surface area, attributed to 
the introduction of various oxygen-containing functional 
groups on its surface.1 Phosphorus (P) doping improves 
the adsorption performance of the material. P’s lower 
electronegativity and larger covalent radius, compared to 
other heteroatoms like nitrogen and sulfur, enhance this 
effect.9 An important and unexplored application of BSG 
hydrochar is its use as a catalyst support in the generation 
of hydrogen (H2) fuel through the hydrolysis of sodium 
borohydride (NaBH4). For this purpose, the support must 
possess a high surface area and effectively prevent particle 
agglomeration from preserving the specific surface area.10 

Currently, one of the most significant challenges facing 
humanity is climate change caused by the emission of 
greenhouse gases (GHGs), part of which originates from 
the production of electricity,11 in addition to the depletion 
of fossil fuel sources. Considering this scenario, there is an 
urgent need for sustainable energy alternatives.12 Hydrogen 
gas emerges as a promising clean and renewable energy 
source,13 with water as the only byproduct of its combustion 
and a calorific value of 142 MJ kg−1, higher than fossil 
fuels such as gasoline, methanol, and diesel.14 The H2 can 
be stored in gaseous, liquid, and solid states. In its gaseous 
form, H2 is compressed and stored in carbon fiber tanks, 
a method that is both costly and raises significant safety 
concerns due to the high volumetric density and extreme 
pressure required, which increases the risk of explosions. 
Additionally, storing H2 as a liquid involves high energy 
consumption during liquefaction and the potential for 
evaporation losses.15

Solid-state H2 storage is both safe and efficient, 
with applications across a range of materials, including 
metal alloys,16 zeolites,17 two-dimensional metal-organic 
frameworks (MOFs),18 and metal hydrides,19 among others. 
According to the United States Department of Energy 
(DOE),20 an ideal material for solid H2 storage should 
have a gravimetric density exceeding 6.5% by weight 
and a H2 binding energy between 0.2 and 0.7 eV per H2. 
Additionally, evaluating application conditions, such as 
reaction temperature, is crucial. The NaBH4 is a stable solid 
H2 storage medium and its solution are non-flammable. 
The hydrolysis of NaBH4 produces a safe byproduct and 
enables the storage of 10.8% by weight of hydrogen.10 The 
hydrolysis reaction is described by equation 1.

NaBH4(aq) + 2H2O(l) → NaBO2(aq) + 4H2(g)    216.18 kJ	 (1)

The reaction exhibits slow kinetics, which makes using 

metallic nanocatalysts supported on carbon-based materials 
a common approach. Noble metals, such as platinum (Pt),21 
palladium (Pd)22 and ruthenium (Ru),23 are frequently 
used as catalyst nanoparticles for hydrogen generation 
from NaBH4. However, due to their high cost and limited 
availability, there is growing interest in exploring lower-
cost alternatives using non-noble metals. Metals such as 
nickel (Ni),24 cobalt (Co),25 iron (Fe)26 and copper (Cu)27 
are increasingly being investigated. These non-noble metals 
are often employed in bimetallic catalysts to enhance 
performance and reduce costs.28

Among the non-noble metals used as catalysts for 
NaBH4 hydrolysis, Co is economically attractive due to 
its widespread availability and low cost. Moreover, it 
exhibits high catalytic activity, excellent stability, and 
versatile coordination chemistry.29,30 These traits facilitate 
its incorporation into various matrices, including metallic 
supports, oxides, carbon-based materials, and porous 
structures.31,32

In this context, the study aimed to synthesize 
a phosphorus-doped hydrochar from BSG using a 
hydrothermal process by one-pot activation with phosphoric 
acid (H3PO4), which was then explored as a support for 
Co and Ni nanoparticles in H2 evolution from NaBH4. 
P-doping of hydrochar for the application explored in this 
work is interesting because it can introduce active sites 
and improve electronic conductivity by changes in the 
electronic structure and charge delocalization.33,34 Initially, 
the hydrochar was characterized using various analytical 
techniques. Subsequently, it was employed in H2 evolution 
experiments, where the effects of several variables on 
the process were assessed: (i) different metals (Co, Ni, 
and Pd), (ii) bimetallic compositions of Ni and Co, (iii) 
sodium hydroxide (NaOH) concentration, (iv)  reaction 
temperature, (v) material reuse, and (vi) durability. From 
these experiments, the hydrogen generation rate and 
activation energy were evaluated.

Experimental

Reagents

Analytical-grade reagents were utilized in this study. 
Sodium borohydride (98%, CAS 16940-66-2) and sodium 
hydroxide microbeads (97%, CAS 1310-73-2) were 
obtained from Neon. Nickel sulfate heptahydrate (98%, 
CAS  10101‑98-1), cobalt nitrate hexahydrate (98%, 
CAS  10026-22-9), potassium tetrachloropalladate(II) 
(98%, CAS 10025-98-6) and deuterated water (D2O, 
99.8%, CAS  7789-20-0) were purchased from Sigma-
Aldrich. Malt bagasse was supplied by the Laboratory 
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of Fermented and Distilled Beverages, located in the 
Department of Chemistry of the Federal University of Viçosa. 
All solutions were prepared using type 1 ultrapure water 
(resisitvity > 18.2 MΩ cm) provided by the Milli-Q system.

Hydrochar synthesis

The BSG was dried in an oven at 105 °C for 24 h, 
then ground using a blender, sieved through a 35-mesh 
sieve (0.5 mm opening), and stored at room temperature. 
The processed BSG was subsequently subjected to a 
one-pot hydrothermal carbonization process. Precisely, 
5 g of the material were placed in a 100 mL Teflon-
lined stainless-steel autoclave. A 50.0 mL volume of a 
0.1  mol  L−1 phosphoric acid solution was added as an 
activating agent.35 The system was then heated in an oven 
at 150 °C for 14 h, after which it was allowed to cool to 
room temperature.

The obtained material was washed with deionized water 
until it reached pH 7.0. The sample was centrifuged for 
20 min at 4000 rpm between each washing step, according 
to the method adapted from de Oliveira Fontoura et al.3 
After carbonization, the sample was dried in an oven at 
105 °C for 24 h. The resulting hydrochar was then stored 
at room temperature.

Synthesis of hydrochar-supported nanoparticles

To synthesize hydrochar-supported nanoparticles, 
10 mg of hydrochar was dispersed in 3 mL of water. Next, 
an appropriate amount of the desired metal precursor salt, 
Co(NO3)2•6H2O, NiSO4•7H2O, or K2PdCl4, as detailed 
in Table 1, was dissolved in 2 mL of ultrapure water, 
maintaining a total catalyst amount of 0.04 mmol. The 
mixture was stirred at room temperature (ca. 25 °C) for 
15 min. Subsequently, 2.00 mL of a NaBH4 solution 
(0.25 mol L−1) was added, and the system was stirred for an 
additional 15 min. The material then underwent a washing 
step followed by centrifugation (4000 rpm for 7 min), with 
this process repeated three times. Six different compositions 
of hydrochar-supported nanoparticles were prepared, as 
outlined in Table 1.

Material characterization

X-ray diffraction (XRD) analysis was performed using 
a Bruker diffraction system, model D8-Discover, with 
Cu Kα radiation (λ = 0.1541 nm) and a 2θ angular range 
from 10° to 50°. Morphological analysis was conducted 
using transmission electron microscopy (TEM). TEM 
analyses were performed using specific equipment, the 

Tecnai G2‑20 - SuperTwin FEI-200 kV, equipped with an 
energy dispersive X-ray spectrometer (EDS). EDS analysis 
was performed using a silicon drift detector with a resolution 
of 133 eV. Functional groups in the material were analyzed 
using Fourier transform infrared spectroscopy  (FTIR) 
with a VARIAN 660-IR instrument, equipped with a 
PIKE GladiATR accessory featuring a diamond crystal. 
Transmittance was measured over the wavenumber range 
of 4000 to 600 cm−1. Nitrogen adsorption and desorption 
isotherms were obtained using a Nova 600 Series instrument 
(Anton Paar). Before measurements, the samples were 
vacuum-dried at 120  °C for 4 h to remove any residual 
water and gases. The surface area was calculated using the 
Brunauer-Emmett-Teller (BET) method, and the pore size 
distribution was determined by the Barrett-Joyner-Halenda 
(BJH) method. 

The P content of the doped hydrochar sample was 
determined. Phosphorus extraction was performed using an 
adapted Melich-1 extractor for the hydrochar sample, using a 
solution containing 0.0125 mol L−1 H2SO4 and 0.05 mol L−1 
HCl. The extractant solution:solid ratio was 1:10, i.e., 1 g 
of solid sample to 10 mL of extractant solution. 2 g of 
hydrochar and 20 mL of extractant were used. The system 
was stirred for 1 h at 120 rpm, after which the mixture was 
filtered through quantitative filter paper. The extract was 
diluted 500-fold for spectrophotometric determination of 
phosphorus. Phosphorus was determined by the method 
described by Braga and Defelipo.36 This method uses 
the complexation reaction of phosphate with ammonium 
molybdate, forming blue ammonium phospho-molybdate, 
with the reading by UV-Vis spectrophotometry performed 
at 725 nm using a Genesys 50 spectrophotometer (Thermo 
Fisher Scientific) equipped with a 1 cm quartz cuvette.

Table 1. Composition of nanoparticles (NPs) supported on hydrochar (HC)

NPs / % Code n NPs ratio / mmol

Co (100) Co NPs-HCa 100/0

Co/Ni (80:20) Co/Ni NPs-HC (80:20)b 80/20

Co/Ni (60:40) Co/Ni NPs-HC (60:40) 60/40

Co/Ni (50:50) Co/Ni NPs-HC (50:50) 50/50

Co/Ni (40:60) Co/Ni NPs-HC (40:60) 40/60

Co/Ni (20:80) Co/Ni NPs-HC (20:80) 20/80

Ni (100) Ni NPs-HCc 0/100

Pd (100) Pd NPs-HCd 0/100
aCo NPs-HC: pure cobalt nanoparticles supported on P-doped hydrochar; 
bCo/Ni NPs-HC (80:20): bimetallic cobalt and nickel nanoparticles 
consisting of 80% Co and 20% Ni by mole supported on P-doped 
hydrochar. The same applies to the other bimetallic nanoparticles, only 
changing the molar ratio between Co and Ni; cNiNPs-HC: pure nickel 
nanoparticles supported on P-doped hydrochar; dPd NPs-HC: pure 
palladium nanoparticles supported on P-doped hydrochar.
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Hydrogen evolution from NaBH4

The freshly prepared hydrochar-supported nanoparticles 
were dispersed in 10.00 mL of type 1 water in a 125 mL 
Kitassato flask, which was sealed with a rubber septum. The 
system was stirred on a temperature-controlled magnetic 
stirrer. A rubber hose was connected to the side outlet 
of the Kitassato, directing the hydrogen gas to a burette. 
Subsequently, 1.00 mL of a NaBH4 solution (0.500 mol L−1) 
was injected into the system using a syringe, and the 
reaction time was monitored.

The pressure (P) generated by the H2 gas in the liquid 
column was corrected using the following parameters: water 
density (ρ) of 1000 kg m–3, gravitational acceleration (g) 
of 9.78 m s−2, local atmospheric pressure of 94,258.65 Pa 
(0.93 atm), and the observed displacement (h) expressed in 
meters. The experiment was conducted at room temperature 
(25 ºC), and the absolute pressure was adjusted according 
to equation 2.

P = P0 + ρgh	 (2)

Evaluation of reaction parameters

In the H2 evolution tests from NaBH4, the impact 
of four parameters was evaluated: (i) the composition 
of monometallic and bimetallic nanoparticles, (ii) the 
concentration of NaOH, (iii) the concentration of NaBH4, 
(iv) temperature, and (v) the reusability and durability of 
the catalyst.

Evaluation of monometallic nanoparticles
The effect of monometallic nanoparticles of Co, Ni, 

and Pd supported on hydrochar was evaluated. The mass 
of the support (10 mg), the amount of metal (0.04 mmol), 
the volume of 1.00 mL of NaBH4 (0.5 mol L−1), and the 
temperature of 25 ºC were kept constant.

Evaluation of bimetallic nanoparticles
The effect of varying molar ratios of Co/Ni bimetallic 

nanoparticles (100:0, 80:20, 60:40, 50:50, 40:60, and 
20:80) was evaluated (Table 1). All other conditions 
were kept constant, including the total catalyst amount 
(0.04  mmol), support mass (10 mg), NaBH4 volume 
(1.00 mL at 0.5 mol L–1), and temperature (25 ºC).

Influence of NaOH
The influence of different concentrations of NaOH 

(0.010; 0.050; 0.100; 0.200; 0.300; 0.400; 0.500 mol L–1) 
was also evaluated using two nanocatalyst compositions 
(monometallic Co NPs-HC and bimetallic Co/Ni NPs-HC 

(80:20)). The total catalyst amount (0.04 mmol), support 
mass (10 mg), NaBH4 volume (1.00 mL at 0.5 mol L–1) and 
the temperature of 25 ºC were kept constant throughout 
the experiments.

Temperature
The effect of temperature (15, 25, 30 and 35 ºC) 

was studied using the two nanocatalyst compositions:  
Co NPs‑HC and Co/Ni NPs-HC (80:20). In this case, the 
total metal content (0.04 mmol), support mass (10 mg), and 
NaBH4 volume (1.00 mL at 0.5 mol L–1) were kept constant.

Catalyst reuse and durability tests
The reusability and durability of the two nanocatalysts 

(Co NPs-HC and Co/Ni NPs-HC (80:20)) were evaluated 
under the optimal conditions identified in preliminary tests. 
For the reusability assessment, the mixture was centrifuged 
at 4000 rpm for 7 min after each reaction. The supernatant 
was discarded, and the catalyst was washed with type 1 
water and centrifuged again. The recovered solid was then 
dispersed in 10.00 mL of distilled water and reintroduced 
into the system for the subsequent H2 evolution reaction. 
This process was repeated until catalyst inactivation was 
observed.

The durability of the same nanocatalysts was tested 
under continuous stirring. At the end of each cycle, a fresh 
volume (1.0 mL) of NaBH4 solution (0.5 mol L–1) was added 
to the system without washing the catalyst. This procedure 
was repeated until catalyst inactivation occurred.

Determination of hydrogen generation rate 

The hydrogen generation rate (HGR)37 was determined 
according to equation 3.

	 (3)

where ∆v is the variation in the volume of H2 (mL), ∆t 
is the variation in time (min), and mcat is the mass of the 
catalyst (g).

The activation energy was calculated using the 
Arrhenius equation (equation 4).

	 (4)

where K is the reaction kinetic constant, A is the pre-
exponential factor, Ea is the apparent activation energy 
in kJ mol-1, R is the universal gas constant, and T is the 
temperature in Kelvin.
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Catalytic reaction mechanism

The catalytic reaction mechanism was investigated 
by evaluating the kinetic isotope effect (KIE) of the 
catalyst under previously established conditions. 
Specifically, 10 mg of the support (HC), 0.04 mmol of the  
Co/Ni NPs catalyst, and a reaction temperature of 35 °C 
were used. Furthermore, 1.0 mL of a freshly prepared 
solution containing 0.500 mol L–1 NaBH4 in either 
deuterated water (D2O) or distilled water was employed.

The KIE was determined by calculating the ratio of 
the rate constant for the reaction with the isotopically light 
reagent (kH2O) to that with the isotopically heavy reagent 
(kD2O), as shown in equation 5. This analysis provides 
valuable insights into the mechanism of the H2 evolution 
reaction.

	 (5)

Results and Discussion

Material characterization

Phosphorus doped hydrochar was synthesized 
from malt bagasse waste using a one pot hydrothermal 
carbonization process and explored as a support 
for metallic nanoparticles to act as a catalyst in the 
evolution of H2 from NaBH4. The characterization 
of the synthesized HC is presented, as well as of the 
material supported with monometallic Co (Co NPs-HC)  
and bimetallic Co and Ni (Co/Ni NPs‑HC (80:20)) 
nanoparticles, which demonstrated the best catalytic 
performance (as shown in the following sections). 
Figure 1 shows the XRD diffractograms of HC,  
Co NPs-HC, and Co/Ni NPs-HC (80:20). A notable peak 
is observed in the 2θ range between 15º and 30º, indicating 
the presence of amorphous carbon materials,38 such as 
cellulose, hemicellulose, and lignina.39 In the case of HC 
supporting Co and Co-Ni nanoparticles, additional peaks 
can be detected above 30º attributable to the incorporation 
of metallic nanoparticles, although of low intensity due 
to their lower concentration relative to the amorphous 
carbonaceous matrix. Particularly, the metal-phosphorus 
interaction of doped HC can also be mentioned from 
the XRD results, based on the study of Zhu et al.40 who 
identified diffraction peaks at 31.6°, 36.3°, 46.2°, 48.1° 
related to cobalt phosphide (CoP) nanoparticles.

TEM images recorded for HC support, Co NPs-HC and 
Co/Ni NPs-HC (80:20) are provided in Figure 2. Thus, a 
graphene-like morphology was verified for HC (Figure 2a), 

which is preserved after the deposition of nanoparticles 
(Figures 2b-2d). The presence of metallic nanoparticles 
dispersed on the HC support can be verified in both cases 
(Figures 2b-2d). These nanoparticles exhibited spherical 
shapes with an average size of approximately 60 nm, 
confirming the successful synthesis of the nanocatalyst. 
Elemental analysis by EDS was performed in selected 
regions, as shown in Figure S1 (see Supplementary 
Information (SI) section). Thus, only carbon and oxygen 
were detected in the graphene-like material region (area 2 
of Figure S1a and EDS spectrum shown in Figure S1c), 
while cobalt (area 1 of Figure S1a and EDS spectrum 
shown in Figure S1b) and cobalt-nickel (Figure S1d and 
EDS spectrum shown in Figures S1e) were detected in the 
selected regions containing monometallic and bimetallic 

Figure 1. XRD diffractogram obtained for HC, Co NPs-HC, and  
Co/Ni NPs-HC (80:20).

Figure 2. TEM images of (a) HC, (b) Co NPs-HC and (c, d) Co/Ni 
NPs-HC (80:20).
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nanoparticles, evidencing the successful synthesis of the 
supported nanoparticles.

FTIR spectroscopy was used to analyze the 
functional groups of the synthesized materials. Figure 3 
presents the FTIR spectrum of HC, Co NPs-HC, and  
Co/Ni NPs-HC (80:20). For HC, a broad band at 3388 cm−1 
is observed, corresponding to the stretching of the O–H 
bond, characteristic of biochars.3,41 The bands at 2927 and 
2854 cm−1 are associated with the stretching vibrations 
of the aliphatic C–H bonds.42 The band at 1712  cm−1 
is attributed to the C=O stretching vibrations found 
in carbonyl-containing compounds such as ketones, 
aldehydes, and carboxylic acids, which are commonly 
present in biochars.43 Additionally, the band at 1644 cm−1 
indicates C=C stretching vibrations within aromatic 
rings.44 Bands at 1063 and 1100 cm–1 were attributed to 
the C–P and P=O stretching vibrations, and the presence 
of bands in the 1000-750 cm–1 range can be associated 
with C–O–P and P–O–P vibrations.9 These results 
reinforce the successful phosphorus doping of hydrochar. 
Finally, the band at 1054 cm−1 corresponds to the C–O 
stretching, characteristic of phenolic groups, alcohols, and 
ethers.3,45 The functional groups in the Co NPs-HC and  
Co/Ni NPs-HC (80:20) samples were preserved, although 
with noticeable band shifts, particularly in 1712 and 
1054  cm−1. These shifts may be associated with the 
incorporation of nanoparticles. These findings are consistent 
with the XRD results. A similar result was observed in the 
study by De Oliveira Fontoura et al.,3 where the same 
bands were identified in malt bagasse biochar produced 
by the hydrothermal method. The FTIR characterization 
therefore demonstrates that the P-doped hydrochar 
synthesized under milder conditions via the hydrothermal 
route is rich in different functional groups, acting as 
anchorage sites for metal precursor in the deposition of 
Co nanoparticles or bimetallic Co-Ni nanoparticles,46 

ensuring for such nanoparticle compositions outstanding 
catalytic activity in the generation of hydrogen from the 
hydrolysis of NaBH4. The P content in the hydrochar was 
determined to be (0.200 ± 0.006)%, according to typical 
values ​​for phosphorus-doped carbonaceous materials.47,48 
Furthermore, the presence of phosphorus as a dopant in the 
carbonaceous matrix confirms that it was not lost during 
material washing.

The nitrogen physisorption isotherms are shown in 
Figure 4. The HC isotherm is classified as type IV, suggesting 
the presence of mesopores, while the Co  NPs‑HC and  
Co/Ni NPs-HC (80:20) materials exhibit type V isotherms, 
indicating the coexistence of micropores and mesopores.49 
The data related to the specific surface area, total pore 
volume, and average pore diameter of the materials are 
presented in Table 2. It is noted that HC has a lower specific 
surface area (0.07 m2 g−1) compared to Co/Ni NPs-HC 
(80:20) and Co NPs-HC, which presented surface areas 
of 14.10 and 26.24 m2 g−1, respectively. Furthermore, 
after Co and Ni NPs were incorporated into the hydrochar 

Figure 3. FTIR-ATR spectra obtained for the HC, Co NPs-HC, and  
Co/Ni NPs-HC (80:20).

Figure 4. Nitrogen adsorption-desorption isotherm of (a) HC and (b) Co NPs-HC and Co/Ni NPs-HC (80:20).
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surface, the average pore diameter was reduced from 16.62 
to 1.93 nm.

Hydrogen evolution from NaBH4

Initially, the composition of the nanoparticles supported 
on phosphorous-doped hydrochar was evaluated, and the 
results are presented in Figure 5. It is observed that HC 
presented the lowest efficiency in H2 evolution (ca. 20%). 
Notably, Co NPs-HC demonstrated superior kinetics 
to nickel (Ni NPs-HC) and palladium (Pd  NPs‑HC) 
nanoparticles. However, the yields for Ni NPs-HC and 
Pd NPs-HC were slightly higher, at 63.5 and 56.4%, 
respectively, compared to Co NPs-HC, which showed 
a yield of 52.4%. The HGR for these materials were 
1113.47 mL min−1 g−1 (Co NPs-HC), 712.52 mL min−1 g−1 
(Ni NPs-HC), and 326.63 mL min−1 g−1 (Pd NPs-HC). Given 
the promising results obtained with HC supported with Co 
and Ni NPs, a bimetallic combination of these metals was 
also explored to investigate potential synergistic effects. 

Different bimetallic Co and Ni NPs compositions were 
supported on HC and evaluated for H2 evolution from 
NaBH4. The results are presented in Figure 6a. It is noted 
that Co NPs-HC exhibited superior kinetics compared 
to the other NPs, as evidenced by the HGR values in 
Figure 6b. Additionally, the reaction yield decreased as the 

Table 2. Textural properties of HC, Co NPs-HC, and Co/Ni NPs-HC (80:20) materials

Sample Specific surface area / (m2 g−1) Pore volume / (cm3 g−1) Pore size / nm

HCa 0.07 0.001 16.62

Co NPs-HCb 26.23 0.112 1.93

Co/Ni NPs-HC (80:20)c 14.10 0.060 1.93
aHC: P-doped hydrochar; bCo NPs-HC: pure cobalt nanoparticles supported on P-doped hydrochar; cCo/Ni NPs-HC (80:20): bimetallic cobalt and nickel 
nanoparticles consisting of 80% Co and 20% Ni by mole supported on P-doped hydrochar.

Figure 5. H2 evolution from NaBH4 to different metal nanoparticles (Co, 
Ni, or Pd) supported on hydrochar. Reaction conditions: 0.04 mmol of 
catalyst (8% relative to NaBH4); 1.00 mL of NaBH4 (0.500 mol L−1);  
10 mg of HC; temperature = 25 ºC.

Figure 6. (a) H2 evolution from NaBH4 and (b) HGR for different 
compositions of Co and Ni nanoparticles supported on hydrochar. Reaction 
conditions: 0.04 mmol of catalyst (8% relative to NaBH4); 1.00 mL of 
NaBH4 (0.500 mol L−1); 10 mg of HC; temperature = 25 ºC.

percentage of Ni increased, a phenomenon likely attributed 
to H2 on the Ni surface, which hinders the adsorption of 
new BH4

− anions and reduces catalytic efficiency.50 Based 
on these findings, optimizing the H2 evolution reaction 
using monometallic Co (Co NPs-HC) and bimetallic  
Co/Ni NPs-HC (80:20) nanoparticles as catalysts was 
decided.

The addition of NaOH has been extensively studied, 
as NaBH4 can be stabilized in an alkaline medium, and 
moderate NaOH concentrations can enhance the kinetics 
of hydrolysis.51 However, at high concentrations, there 
may be a reduction in catalytic performance due to borate 
accumulation within the catalyst pores and the increased 
viscosity of the solution, which hinders the hydrolysis of 
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NaBH4.32,52 Consequently, the effect of varying NaOH 
concentrations was evaluated using Co NPs-HC and  
Co/Ni NPs-HC (80:20) as catalysts. The results are 
presented in Figure S2 (SI section). It was observed 
that increasing the NaOH concentration significantly 
improved the reaction kinetics for both Co NPs-HC and  
Co/Ni NPs-HC (80:20). Specifically, at a NaOH 
concentration of 0.5 mol L−1, HGRs of 2193.17 and 
1205.74 mL min−1 g−1 were achieved for Co NPs-HC and 
Co/Ni NPs-HC (80:20), respectively. Therefore, the use 
of 0.5 mol L−1 NaOH in the NaBH4 hydrolysis reaction 
medium was considered in subsequent studies. Similar 
results obtained in the study conducted by Junior et al.37 
revealed that a catalyst made of Ni and Co nanoparticles 
supported on an electrolytic paste (Ni-Co NPs/EP) 
demonstrated enhanced catalytic activity for H2 generation 
in a mildly alkaline medium, using a NaOH concentration 
of 0.05 mol L–1.

Figure S3 (SI section) illustrates the effect of temperature 
on H2 evolution during the hydrolysis of NaBH4. The amount 
of H2 generated increased proportionally with the rise in 
temperature. These results are consistent with previous 
studies53,54 that also examined the influence of temperature 
on NaBH4 hydrolysis, reporting an improvement in 
reaction kinetics as the temperature increases. Furthermore, 
the activation energy (Ea) was determined, revealing a 
value of 70.79 kJ mol−1 for Co/Ni NPs-HC (80:20) and 
105.26 kJ mol−1 for Co NPs-HC. The low activation energy 
suggests the catalyst exhibits a diminished energy barrier, 
leading to accelerated reaction kinetics.55

Durability and reuse

The analysis of material reusability and longevity is 
crucial for potential industrial applications. Consequently, 
the durability and reusability of the nanocatalysts in H2 

evolution were assessed under the previously determined 
optimal conditions. Figure 7a illustrates the efficiency of 
the catalysts over five cycles, highlighting their durability. 
The monometallic nanocatalyst (Co NPs-HC) maintained 
its yield until the third cycle, while the bimetallic one  
(Co/Ni NPs-HC (80:20)) maintained its yield until 
the fourth, with a significant reduction in efficiency 
observed for both at the fifth cycle. This decline may 
be attributed to the blockage of active sites by sodium 
metaborate formed during the reaction, which decreases 
the availability of active sites for catalysis.51 Figure 7b 
displays the results of catalyst reuse throughout the 
cycles. Both nanocatalysts maintained relatively constant 
efficiency up to the fourth cycle, with a noticeable 
decline in efficiency for the Co  NPs-HC catalyst in 
the subsequent cycles. This decrease in efficiency may 
be attributed to catalyst leaching. On the other hand, 
Co/Ni NPs-HC (80:20) maintained the reaction yield 
until the sixth cycle, demonstrating better stability 
during its reuse. Thus, the nanocatalyst demonstrated 
stability and satisfactory performance throughout the 
evaluated cycles.37 Additionally, the stability of the  
Co/Ni NPs-HC (80:20) catalyst was verified by TEM-
EDS characterization after the reuse assay, with the 
results obtained being presented in Figure S4 (SI section). 
Thus, the morphological aspects verified for the fresh 
material were preserved after application in the hydrogen 
evolution reaction, i.e., the presence of graphene-like 
sheets referring to the HC decorated with Co-Ni bimetallic 
nanoparticles was observed, also proven by the EDS 
elemental analysis.

Catalytic reaction mechanism

The KIE is a valuable tool for probing the rate-
determining step of a reaction. This effect can be classified 

Figure 7. (a) Durability and (b) reusability of Co NPs-HC and Co/Ni NPs-HC (80:20) catalysts in H2 evolution, evaluated in terms of efficiency. Reaction 
conditions: 0.04 mmol of catalyst (8% relative to NaBH4); 1.00 mL of NaBH4 (0.500 mol L−1); 10 mg of HC; temperature = 25 °C.



9 of 11

Cobalt-Nickel Nanocatalyst Supported on Phosphorus-Doped Hydrochar from Malt Bagasse Waste Synthesized Ferreira et al.

J. Braz. Chem. Soc. 2025, 36, 12, e-20250127

as primary when KIE values range from 2 to 7, or secondary 
when they fall between 0.7 and 1.5. A primary KIE 
indicates that the formation or cleavage of a bond involving 
the isotopically substituted atom occurs during the rate-
determining step. Conversely, a secondary KIE suggests 
that the rate-determining step does not directly involve 
such a bond, implying additional complexity.56

In this study, the KIE was evaluated for the  
Co/Ni NPs‑HC catalyst during the hydrolysis of NaBH4, 
and the results are presented in Figure 8. A KIE value 
of 3.96 was obtained, consistent with a primary isotopic 
effect. This result indicates that the reaction step involving 
water molecules constitutes the rate-determining step in 
the reaction.57

Comparison with literature

Table 3 provides examples of biochars derived from 

various materials used as supports for cobalt and nickel 
nanoparticles. The Co/Ni NPs-HC (80:20) catalyst 
exhibits a comparable or higher HGR regarding to the 
other reported catalysts and a greater number of reuse 
cycles. Consequently, Co/Ni NPs-HC (80:20) emerges 
as an excellent candidate for catalyzing the H2 evolution 
reaction from NaBH4.

Conclusions

In this study, it was developed and characterized a 
hydrochar derived from malt bagasse waste to support Co 
and Ni nanoparticles, which were utilized as nanocatalysts 
for hydrogen evolution from NaBH4. The nanocatalysts 
were examined using various characterization techniques, 
including TEM, FTIR, XRD, and BET, to investigate 
their structure, morphology, and porosity. During the 
hydrogen evolution tests, the catalysts demonstrated 
notable catalytic efficiency, with hydrogen generation 
rates (HGR) of 2193.17 mL min−1 g−1 for Co NPs-HC and 
1205.74 mL min−1 g−1 for Co/Ni NPs-HC (80:20). The 
activation energies were measured as 105.26 kJ mol−1 for 
Co NPs-HC and 70.79 kJ mol−1 for Co/Ni NPs-HC (80:20). 
Furthermore, the material exhibited stability, as evidenced 
by its reuse rate and durability over up to five cycles. These 
results underscore the significant potential of the developed 
catalyst for practical applications in hydrogen generation 
processes.

Supplementary Information

Supplementary information (EDS analysis and data of 

optimization of hydrogen evolution) is available free of charge at  

http://jbcs.sbq.org.br as PDF file.

Figure 8. Kinetic isotope effect (KIE) on H2 generation from NaBH4 
catalyzed by Co/Ni NPs-HC (80:20).

Table 3. Evolution of H2 from NaBH4 using different catalysts

Catalyst Reaction conditions HGR / (mL min−1 g−1) Ea / (kJ mol−1) Reuse / cycles Reference

Co@C
30 mg of catalyst, 1.5% in weight of 
NaBH4, 1.5% in weight of NaOH, 

temperature = 30 ºC
1680 45.0 5 58

Co-PDA@BC
30 mg of catalyst, 1% in weight of 
NaBH4, 1% in weight of NaOH, 

temperature = 25 ºC
25 31.3 5 59

BC/Co–B
100 mg of catalyst, 1.5% in weight 
of NaBH4, 5% in weight of NaOH, 

temperature = 30 ºC
3887 56.4 5 60

Co/NiNPs-HC (80:20)
1.33 mg of catalyst, 1.89% in weight 
of NaBH4, 2.0% in weight of NaOH, 

temperature = 25 °C
1205.74 70.79 6 this work

Co@C: carbon-confined cobalt; Co-PDA@BC: Cobalt supported on pistachio shell biochar modified with Polydopamine; BC/Co-B: bacterial cellulose 
biochar as a support for Com-B alloy. Co/Ni NPs-HC (80:20): bimetallic cobalt and nickel nanoparticles consisting of 80% Co and 20% Ni by mole 
supported on P-doped hydrochar. Ea: activation energy; HGR: hydrogen generation rate.

http://jbcs.sbq.org.br/
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