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Abstract
Global efforts to mitigate environmental impacts have intensified the demand for cleaner and more sustainable energy 
systems. Thus, the development of highly efficient and environmentally benign catalysts for hydrogen (H2) production has 
emerged as a promising strategy. In this work, a high-performance nanocatalyst composed of platinum nanoparticles sup-
ported on activated biochar (Pt NPs/AcB) was developed for hydrogen generation via NH3BH3 hydrolysis. The catalytic 
support was obtained through the valorization of pequi (Caryocar brasiliense) peel, an abundant agricultural residue, using 
pyrolysis followed by chemical activation with ZnCl2. The activation process yielded a material with remarkable textural 
properties, including a high specific surface area of 1142.43 m² g⁻¹ and a predominantly mesoporous structure, which is 
highly favorable for metal nanoparticle dispersion and anchoring. The Pt NPs/AB catalyst exhibited outstanding catalytic 
activity toward NH3BH3 hydrolysis, achieving a hydrogen generation rate (HGR) of 2982.1 mL min⁻¹ g⁻¹ under optimized 
conditions (6.5 mmol% Pt, 10 mg of support, 1.00 mL of NH3BH3 solution at 0.648 mol L⁻¹, and 30 °C). Mechanistic 
investigations revealed a primary kinetic isotope effect (KIE) of 6.74, indicating that cleavage of the O–H bond of water 
is the rate-determining step of the reaction. In addition, the catalyst demonstrated excellent durability, maintaining approxi-
mately 100% efficiency over 30 consecutive reaction cycles. Overall, this work presents a robust and sustainable catalytic 
system that provides an efficient route for on-demand hydrogen generation while highlighting the potential of residual 
biomass as a precursor for advanced carbon materials in energy-related applications.
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1  Introduction

The continuous growth in global energy demand has inten-
sified the reliance on fossil fuels. This dependence has 
triggered an unprecedented climate crisis driven by the 
increased emission of greenhouse gases, including carbon 
dioxide (CO2), sulfur oxides (SOx), and nitrogen oxides 
(NOx) [1–3]. These emissions play a central role in acceler-
ating global warming. They are also directly associated with 
the increasing frequency and severity of extreme climatic 
events, underscoring the urgent need for a transition toward 
low-carbon, renewable energy systems to ensure long-term 
environmental sustainability [2].

Against this background, hydrogen (H2) has emerged 
as a highly attractive energy vector due to its exceptional 
gravimetric energy density and environmentally benign 
combustion profile. Hydrogen exhibits a higher heating 
value of 142 MJ kg−1, nearly three times that of gasoline, 
and its oxidation yields water as the sole reaction product, 
eliminating direct carbon-based emissions [4–6]. These 
attributes position hydrogen as a strategic component in 
future energy infrastructures, particularly for applications 
requiring high energy density, efficient energy conversion, 
and deep decarbonization.

However, despite its considerable potential, the wide-
spread implementation of hydrogen as a fuel faces major 
challenges, particularly regarding safe and efficient storage 
and transportation [1]. Owing to its extremely low den-
sity and low volumetric energy density, hydrogen requires 
extreme storage conditions, such as high-pressure compres-
sion (100–400  bar) or liquefaction at cryogenic tempera-
tures (20.37 K) [7]. These approaches are not only highly 
energy-intensive but also pose significant safety concerns 
due to the high flammability of H2 [8].

As an alternative, solid-state hydrogen storage using 
chemical materials has attracted increasing attention from 
the scientific community [2, 5, 9–11]. Among these materi-
als, ammonia borane (NH3BH3) stands out due to its high 
hydrogen storage capacity (19.6 wt%), stability under ambi-
ent conditions, and non-toxic solid-state nature [12–14].

However, the release of hydrogen from ammonia borane 
is intrinsically kinetically sluggish and requires the presence 
of highly efficient catalysts to proceed at rates suitable for 
practical applications [9]. Historically, noble metals such as 
platinum, palladium, and ruthenium have exhibited superior 
catalytic activity toward the dehydrogenation of ammonia 
borane [15, 16]. Among them, platinum is particularly rec-
ognized for its outstanding catalytic efficiency. Neverthe-
less, the high cost and limited availability of these noble 
metals constitute major barriers to large-scale implementa-
tion, thereby driving research efforts toward strategies that 

optimize metal utilization and reduce the overall cost of 
catalytic systems [17, 18].

One of the most effective strategies to enhance the 
efficiency of metal-based catalysts is their dispersion as 
nanoparticles on high-surface area support materials [4, 19]. 
In recent years, biochar has received increasing attention as 
a catalytic support. Biochar is a carbonaceous material pro-
duced by the pyrolysis of residual biomass [20, 21]. Its use 
as a catalyst support aligns closely with the principles of 
circular economy and sustainable development [22, 23].

The conversion of agricultural and agro-industrial 
residues into value-added materials provides an effective 
solution for waste management while enabling low-cost 
synthesis routes for advanced carbon materials [22, 23]. 
Biochar retains the porous structure of the original biomass 
and can be functionalized with surface organic groups. 
These features promote strong anchoring and homogeneous 
dispersion of metal nanoparticles, which are essential for 
high catalytic performance [19, 22, 23].

Herein, biochar derived from pequi (Caryocar brasil-
iense) peel is evaluated as a support for platinum nanopar-
ticles. Pequi is a native fruit of the Brazilian Cerrado with 
significant cultural and economic relevance, and its peel 
is an abundant lignocellulosic byproduct generated by the 
regional food industry, making it an attractive precursor for 
porous carbon materials [24]. The central hypothesis of this 
work is that the intrinsic properties of pequi peel-derived 
biochar, including its morphology, surface area, and surface 
functional groups, can promote the formation of ultrasmall 
and well-dispersed platinum nanoparticles. These character-
istics are expected to yield a highly active and stable catalyst 
for hydrogen production via ammonia borane hydrolysis.

Although numerous studies have investigated activated 
carbons derived from various biomasses, such as rice husk 
and sugarcane bagasse, using activating agents like ZnCl2. 
The resulting physicochemical properties, however, depend 
strongly on the intrinsic composition of the precursor bio-
mass [25, 26]. In this context, the contents of lignin, cel-
lulose, and minerals (e.g., silica and alkali metals) play a 
decisive role. These components govern pore formation and 
the development of surface functional groups, which are 
critical for the dispersion of active phases and the resulting 
catalytic performance [25]. Recent studies show that the ash 
content and mineral composition of biomass strongly influ-
ence pyrolysis chemistry. They also affect the final structure 
of biochars. This includes the role of components such as 
silica, alkali metals, and alkaline-earth metals [27]. These 
elements influence the formation of active sites and the 
thermal stability of the carbon matrix. As a result, materials 
exhibit surface properties and chemical affinities that vary 
with the precursor [27].
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Moreover, environmental factors such as climate, soil, 
and cultivation conditions influence the mineral composi-
tion of the biomass. This leads to variations in the textural 
and chemical properties of the activated materials. As a 
result, different residues do not produce identical carbona-
ceous catalytic supports after activation [27]. In this context, 
biochar derived from Caryocar brasiliense peel presents a 
unique organic and inorganic composition. It can promote 
the development of a tailored pore microstructure and sur-
face chemistry. These features favor the dispersion of active 
phases and enhance catalytic stability, distinguishing it from 
other activated carbon precursors [25].

Therefore, this work aims to develop a novel nanocatalyst 
composed of platinum nanoparticles supported on activated 
biochar (AcB) derived from pequi (Caryocar brasiliense) 
peel. The key novelty of this study lies in the first-time use 
of pequi peel–derived biochar as a catalytic support, high-
lighting how distinct biomass precursors lead to biochars 
with unique structural and chemical properties. This speci-
ficity enables the formation of a highly efficient, stable, and 
sustainable Pt-based catalyst for hydrogen production via 
ammonia borane hydrolysis. Comprehensive physicochem-
ical and morphological characterization is combined with 
a systematic evaluation of catalytic performance, reaction 
kinetics, and durability, contributing to the development of 
low-cost, biomass-derived materials for advanced hydrogen 
storage and generation technologies.

2  Experimental

2.1  Reagents

All reagents used in this work were of analytical grade. 
These included sodium borohydride (98%, CAS 16940-
66-2, NEON), hexachloroplatinic acid (IV) hexahydrate 
(99.9%, CAS 18497-13-7, Sigma-Aldrich), ammonia 
borane (95%, CAS 13774-81-7, Sigma-Aldrich), anhydrous 
zinc chloride (PA grade, CAS 7646-85-7, Êxodo Científica), 
and hydrochloric acid (37%, CAS 7647-01-0, VETEC). All 
solutions were prepared using Type II distilled water sup-
plied by a Milli-Q system (Millipore, Bedford, MA, USA).

2.2  Synthesis of biochar from Pequi tree bark

The synthesis of activated biochar (AcB) was based on an 
adapted method from de Ghani et al. [28] and Faria et al. 
[29], using pequi (Caryocar brasiliense) peel biomass (Fig-
ure S1) as the carbon precursor. Initially, 6 g of biomass and 
18 g of ZnCl2 were gradually dissolved in 50 mL of Type 
II water under continuous stirring. To promote effective 
ZnCl2 impregnation, the homogeneous mixture was dried 

at 105  °C for 24  h. Subsequently, the dried material was 
transferred to covered crucibles and subjected to pyrolysis 
in a muffle furnace at 600 °C for 1 h, using a heating rate 
of 10 °C min−1. After pyrolysis, the resulting biochar was 
washed with 0.1 mol L−1 HCl under stirring for 1 h. The 
material was then vacuum-filtered using a 0.45 μm mem-
brane and repeatedly washed with deionized water heated to 
80 °C until the supernatant reached neutral pH. Finally, the 
activated biochar was dried at 60 °C for 24 h.

2.3  Synthesis of platinum nanoparticles decorated 
with Pequi tree biochar

To synthesize platinum nanoparticles supported on activated 
biochar (Pt NPs/AcB), 10 mg of AcB were first dispersed in 
5 mL of type II water and stirred for 10 min at room tem-
perature (~ 25 °C). Subsequently, a predetermined volume 
of an aqueous solution of hexachloroplatinic acid (IV) hexa-
hydrate was added to introduce the platinum precursor, and 
the suspension was stirred for an additional 10 min. Next, 
20 mg of NaBH4 were dissolved in 5 mL of type II water 
and added dropwise to the system under continuous stirring, 
which was maintained for a further 10 min to promote in 
situ reduction of Pt species. The resulting material was then 
separated by centrifugation at 4000  rpm for 10  min. The 
supernatant was discarded, and the solid was washed with 
type II water. This centrifugation–washing procedure was 
repeated twice to ensure removal of residual reagents.

2.4  Characterization

Scanning Electron Microscopy (SEM) was employed to 
evaluate the surface morphological and textural character-
istics of the biomass and the biochar (AcB). The images 
were acquired using a scanning electron microscope (JEOL, 
JSM-6010LA, Japan) equipped with Energy Dispersive 
Spectroscopy (EDS) for elemental analysis.

The specific surface area and pore characteristics of 
AcB were determined by N2 gas adsorption isotherms at 
77  K using a surface area and porosity analyzer (Anton 
Paar, Nova 600, USA). The specific surface area was cal-
culated using the Brunauer–Emmett–Teller (BET) method, 
while the pore size distribution was obtained by the Bar-
rett–Joyner–Halenda (BJH) method. Prior to analysis, the 
samples were degassed under vacuum at 100 °C for 3 h to 
remove surface impurities.

Thermogravimetric analysis (TGA) and differential ther-
mogravimetric analysis (DTG) were performed to evalu-
ate the mass loss of the biomass components and AcB as a 
function of temperature. First-derivative DTG curves were 
used to confirm the thermal events observed. The thermo-
grams were recorded using a thermobalance (Shimadzu, 
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DTG-60 H, Japan) under a nitrogen atmosphere with a con-
stant flow rate of 50 mL min− 1 and a heating rate of 10 °C 
min− 1, over a temperature range from 20 °C to 800 °C.

Raman spectroscopy analysis was conducted using a 
micro-Raman spectrometer (Renishaw InVia) equipped 
with an Nd: YAG laser (λ₀ = 633 nm) and a 50× objective 
lens (Olympus BX41). The acquisition time for each spec-
trum was 10 s. Data processing was carried out using Ori-
gin 2021 Student, including baseline correction and peak 
deconvolution. The ID/IG ratio was determined from the fit-
ted intensities of the D and G bands.

X-ray diffraction (XRD) analysis was carried out for both 
AcB and Pt NPs/AcB using a Bruker D8-Discover diffrac-
tometer with Cu Kα radiation (λ = 0.1541  nm), over a 2θ 
range of 10–50°.

Transmission Electron Microscopy (TEM) analysis was 
performed using a Tecnai G2-20 SuperTwin FEI-200  kV 
microscope equipped with a silicon–lithium (Si(Li)) detec-
tor (EDAX) for Energy-Dispersive X-ray Spectroscopy 
(EDS) analysis.

Structural characterization was conducted by Fourier 
Transform Infrared Spectroscopy with Attenuated Total 
Reflectance (FTIR-ATR) using an ALPHA II spectrom-
eter (Bruker, USA), with a spectral range from 550 to 
4000  cm− 1. This technique was used to identify the main 
functional groups present on the AcB support and the NPs-
Pt/AcB catalyst.

The elemental composition and oxidation states of the 
catalyst were determined by X-ray Photoelectron Spectros-
copy (XPS). Spectral acquisitions were performed using 
a Thermo Scientific K-Alpha instrument operating with 
monochromatic aluminum radiation (Al Kα, 1486 eV).

The platinum content was determined by inductively 
coupled plasma optical emission spectrometry (ICP-OES) 
using a Thermo Scientific i-CAP PRO instrument, monitor-
ing the Pt spectral emission line at 224 nm. Samples were 
digested with 16 mg of material, 6 mL of HCl, and 2 mL of 
HNO3 in an Anton Paar Multiwave 3000 microwave oven, 
heating and maintaining at 180 °C for 15 min.

2.5  Evolution of hydrogen from NH3BH3

Freshly prepared Pt NPs/AcB were dispersed in 2.00 mL 
of type II water in a 10 mL Schlenk tube, which was her-
metically sealed with a rubber septum. A rubber hose was 
connected to the side arm of the Schlenk tube to direct the 
generated hydrogen gas to a water-filled burette. A sche-
matic representation of the experimental setup is shown in 
Figure S2. Subsequently, 1.00 mL of an aqueous NH3BH3 
solution, with concentration adjusted according to the spe-
cific assay conditions, was injected into the system using 
a syringe. The reaction time was continuously monitored. 

Throughout the experiment, the system was maintained 
under constant stirring using a temperature-controlled mag-
netic stirrer.

The pressure (P) exerted by the generated hydrogen gas on 
the water column was calculated considering the water den-
sity (ρ = 1000 kg m−3), gravitational acceleration (g = 9.78 m 
s−2), local atmospheric pressure (P₀ = 94,258.65 Pa, equiva-
lent to 0.93 atm), and the water column displacement (h), 
measured in meters. All experiments were conducted at 
298.15 K, and the absolute pressure was corrected accord-
ing to Eq. 1.

P = P0 + ρ ∗ g ∗ h� (1)

The hydrogen generation rate (HGR) and turnover fre-
quency (TOF) were calculated according to Eqs. 2 and 3, 
based on the amount of hydrogen produced during the first 
minute following the addition of the NH3BH3 solution to the 
reaction system.

HGR = ∆ V H2

∆ t ∗ mcat
� (2)

TOF = Patm ∗ ∆ V H2

R ∗ T ∗ nCat ∗ ∆ t
� (3)

Where ∆ V H2  denotes the variation in hydrogen volume 
(mL); ∆ t is the time interval (min); and mcat corresponds 
to the catalyst mass (g), Patm is the atmospheric pressure 
(Pa), R is the gas constant (Pa mL mol− 1 K− 1) and T is the 
temperature (K), considering only the amount of platinum 
used in the synthesis of the Pt NPs.

The platinum-catalyzed hydrolysis reaction of ammonia 
borane, responsible for the release of hydrogen gas, is rep-
resented in Eq. 4.

NH3BH3(aq) + 4H2O(l) Catalyst
−−−−−→

NH4B(OH)4(aq) + 3H2(g)� (4)

2.6  Evaluation of reaction parameters

A systematic set of experiments was performed to inves-
tigate the effects of key reaction parameters on ammonia 
borane catalytic hydrolysis, including (1) platinum loading 
in the Pt nanoparticles, (2) activated biochar (AcB) support 
dosage, (3) NH3BH3 concentration, (4) NaOH concentra-
tion, (5) kinetic isotope effect (KIE), (6) reaction tempera-
ture, and (7) catalyst durability over successive cycles.

The kinetic parameters were determined using the F(C) 
test function according to the methodology proposed by 
Bousada et al. (2024).
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(1)	 Platinum loadings of 3.0, 5.0, 6.5, and 8.0 mmol% rela-
tive to NH3BH3 were investigated using Pt NPs/AcB, 
under reaction conditions of 10 mg of AcB, 1.00 mL of 
NH3BH3 solution (0.648 mol L−1), and a temperature of 
25 °C; a control experiment employing unsupported Pt 
NPs was also performed.

(2)	 The effect of support dosage was assessed by varying 
the AcB mass (10, 15, 20, and 25 mg) while maintain-
ing a constant Pt amount of 0.04212 mmol (6.5 mmol% 
relative to NH3BH3), with reactions carried out at 25 °C 
using 1.00 mL of NH3BH3 (0.648 mol L−1).

(3)	 The influence of NH3BH3 concentration was examined 
in the range of 0.40–0.74 mol L−1, while keeping the Pt 
loading.

(4)	 (6.5 mmol%), AcB mass (10  mg), and temperature 
(25 °C) constant.

(5)	 The effect of alkaline conditions was evaluated by 
replacing type II water with NaOH solutions at concen-
trations of 0.010, 0.025, 0.050, and 0.075 mol L−1 for 
both catalyst dispersion and NH3BH3 dissolution, while 
maintaining the remaining parameters unchanged.

(6)	 The kinetic isotope effect was investigated by substitut-
ing type II water with deuterium oxide (D2O) in both 
the catalyst dispersion and NH3BH3 solution; prior to 
D2O addition, the catalyst was washed with isopropyl 
alcohol and vacuum-dried, and the experiments were 
conducted at 25 °C using 10 mg of AcB, a Pt loading of 
6.5 mmol%, and 1.00 mL of NH3BH3 (0.648 mol L−1), 
with the KIE calculated according to Eq. 5.

KIE = kH

kD
� (5)

Here, kH  represents the kinetic rate constant obtained 
using H2O, while kD  corresponds to the rate constant 
determined using D2O.

(7)	 The effect of temperature on hydrogen evolution was 
evaluated at 25, 30, 40, and 50 °C. All other parameters 
were kept constant, including 1.0 mL of NH3BH3 solu-
tion (0.648 mol L−1), a Pt nanoparticle loading of 6.5 
mmol%, and 10 mg of activated biochar (AcB). Based 
on these results, the activation energy (Ea) of the system 
was determined using the linearized Arrhenius equation 
(Eq. 6).

ln (k) = ln (A) − Ea

R ∗ T
� (6)

Where k is the reaction rate constant, A is the pre-exponen-
tial factor, Eₐ is the activation energy (kJ mol− 1), R is the 
universal gas constant (J K− 1 mol− 1), and T is the absolute 
temperature (K).

(8)	 Catalyst durability was assessed over 30 consecutive 
reaction cycles under the optimized conditions: 1.0 mL 
of NH3BH3 (0.648  mol L−1), 6.5 mmol% Pt loading, 
10 mg of AcB, and 25 °C. At the end of each cycle, a 
fresh NH3BH3 solution (1.0 mL, 0.648  mol L−1) was 
added directly to the system without washing the cata-
lyst. Every ten cycles, the material was centrifuged and 
the supernatant removed due to the volumetric limita-
tion of the Schlenk tube used.

3  Results and discussion

3.1  Characterization of materials

The morphological changes induced by biomass carboniza-
tion were evaluated by scanning electron microscopy (SEM) 
(Fig. 1). Prior to activation, the raw biomass exhibited a pre-
dominantly flat and compact surface (Fig. 1a). After ZnCl2 
treatment, the AcB displayed a markedly fragmented and 
granular morphology, with the presence of cavities and mul-
tilayered structures (Fig. 1b), indicative of significant struc-
tural modification. These features are more clearly observed 
in the higher-magnification image (Fig. 1c). Although SEM 
does not provide quantitative porosity measurements, the 
observed morphological transformations suggest increased 
surface heterogeneity, which is favorable for the anchoring, 
nucleation, and dispersion of metallic nanoparticles. Such 
characteristics are highly desirable for catalytic applica-
tions, including hydrogen release from NH3BH3 [30].

ZnCl2 activation promotes chemical and textural modifi-
cations through the introduction of oxygen-containing func-
tional groups and enhanced hydrophilicity, as well as the 
development of micro- and mesoporous structures. These 
synergistic effects facilitate the nucleation and stabilization 
of metallic nanoparticles, contributing to their homoge-
neous dispersion on the carbonaceous support [31]. Before 
the catalytic reaction (Fig. 1d), the material retains the frag-
mented and heterogeneous morphology induced by ZnCl2 
activation, characterized by irregular particles and the pres-
ence of cavities and interparticle voids. This indicates that 
the incorporation of Pt does not significantly alter the tex-
tural features of the support.

Nitrogen physisorption analysis was performed to evalu-
ate and compare the specific surface area and pore size dis-
tribution of the raw biomass and the ZnCl2-activated biochar 
after chemical activation, which are critical parameters for 
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catalytic support applications. The N2 adsorption–desorp-
tion isotherms for the biomass and AcB are shown in Figure 
S3, while the textural properties, including specific surface 
area, average pore radius, and total pore volume, are sum-
marized in Table 1.

The results shown in Table  1 demonstrate that ZnCl2 
activation had a pronounced impact on the textural proper-
ties of the samples. The specific surface area increased dra-
matically from 0.71 m2 g− 1 for the raw biomass to 1142.43 
m2 g− 1 for the activated biochar (AcB). This increase was 

Table 1  Textural surface characteristics of the pequi (Caryocar brasil-
iense) peel biomass and ZnCl2-activated biochar (AcB)
Sample Surface area Pore radius Pore volume

(m2 g− 1) (nm) (cm³ g− 1)
Biomass 0.71 3.28 0.0021
AcB 1142.43 1.72 0.5903

Fig. 1  Scanning electron microscopy (SEM) images of (a) pequi (Caryocar brasiliense) peel biomass, (b) and (c) ZnCl2-activated pequi peel 
biochar (AcB), (d) and (e) Pt NPs/AcB before and after the evolution of hydrogen from NH3BH3, respectively
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accompanied by a 281.1% rise in total pore volume and a 
decrease in the average pore radius from 3.28 to 1.72 nm, as 
determined by the Barrett-Joyner-Halenda (BJH) method. 
These changes confirm the formation of a highly porous 
structure, dominated by micro- and mesopores, which is 
particularly suitable for application as a catalytic support 
[32].

The N2 adsorption–desorption isotherm of the raw bio-
mass exhibits a profile close to type II (Figure S3a), typi-
cal of nonporous or weakly porous materials and generally 
associated with the presence of macropores [21]. The low 
surface area and limited pore volume further support this 
interpretation, indicating a dense and poorly accessible 
structure [33]. On the other hand, the N2 adsorption iso-
therm for AcB (Figure S3b) shows pronounced uptake at 
low relative pressures, indicative of micropore filling gener-
ated during the chemical activation process [34]. Further-
more, the gradual increase in adsorption at higher relative 
pressures, together with the H4-type hysteresis loop, con-
firms a well-developed micro–mesoporous structure [35]. 
The marked increase in adsorbed volume confirms the for-
mation of a well-developed porous structure. Furthermore, 
the pore size distribution is mainly centered between 2 and 
5  nm, confirming the mesoporous nature of the activated 
material. This feature is highly desirable for catalytic appli-
cations, as it facilitates reagent diffusion and promotes the 
uniform dispersion of metallic species.

Thermogravimetric analysis (TGA) and its derivative 
(DTG) were employed to assess the thermal stability of the 
biomass and the activated biochar (BA). As shown in Fig-
ure S4, the raw biomass exhibits multiple stages of thermal 

degradation. An initial mass loss event occurs between 25 
and 150 °C, which is attributed to the evaporation of physi-
cally adsorbed moisture, light volatiles, and adsorbed hydro-
carbons. This behavior is typical of lignocellulosic materials 
and is commonly associated with the release of physically 
bound water [ 36, 37].

In contrast, AcB shows significantly lower mass loss in 
this temperature range, indicating reduced residual mois-
ture content and enhanced initial thermal stability. At higher 
temperatures, the biomass undergoes pronounced ther-
mal degradation between 200 and 600  °C, corresponding 
to the decomposition of hemicellulose, cellulose, and lig-
nin, as evidenced by distinct peaks in the DTG curve [38]. 
Conversely, AcB displays a markedly more stable thermal 
profile, characterized by lower degradation rates and the 
absence of well-defined DTG peaks. This behavior reflects 
the effective removal of volatile organic components dur-
ing the carbonization and ZnCl2 activation processes [39]. 
Overall, these results confirm the superior thermal stability 
of AcB, a key attribute for catalytic applications involving 
elevated temperatures and metal nanoparticle deposition. 
The enhanced thermal robustness ensures structural integ-
rity of the carbon support and promotes the efficient immo-
bilization of metallic species [40].

Raman spectroscopy analysis was performed for both the 
support and the Pt NPs/AcB, as shown in Fig. 2(a-b). The 
spectra of both materials exhibit the characteristic D band 
at 1352 cm− 1 and G band at 1603 cm− 1, which are associ-
ated with the structural features of carbon-based materials. 
The D band is related to structural defects and disorder aris-
ing from amorphous carbon domains, whereas the G band 

Fig. 2  Raman spectra of (a) ZnCl2-
activated biochar (AcB) and (b) 
AcB decorated with platinum 
nanoparticles (Pt NPs/AcB), (c) 
X-ray diffraction (XRD) of bio-
mass and AcB, and (d) XRD of Pt 
NPs/AcB before and after catalytic 
use
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corresponds to graphitic carbon structures [10, 41]. The 
intensity ratio between the D and G bands (ID/IG) was cal-
culated for both samples, yielding values of 0.851 for the 
biochar and 0.852 for the catalyst. This ratio is commonly 
used to assess the degree of structural disorder in carbon 
materials, with lower values indicating a higher degree of 
graphitic order [42]. The similar ID/IG values observed for 
the biochar before and after platinum deposition indicate 
that the incorporation of Pt NPs did not significantly alter 
the carbon structure of the support, thereby preserving its 
structural integrity.

X-ray diffraction analysis is shown in Fig. 2(c-d). In both 
materials (biomass and AcB), a broad diffraction feature 
observed in the 2θ range of 15–30° indicates the predomi-
nantly amorphous nature of the biochar, which is associated 
with the presence of disordered carbon in the support struc-
ture [43]. In the catalyst sample, additional diffraction peaks 
appear at 2θ = 39.9°, 46.5°, 68.0°, and 81.9°, which can be 
indexed to the characteristic reflections of metallic Pt. These 
peaks confirm the successful deposition and crystallization 
of Pt NPs on the biochar surface [44].

Fourier transform infrared (FTIR) spectroscopy was 
employed to analyze both the biochar support and the cata-
lyst, and the corresponding spectra are shown in Figure 
S5. In both materials, a broad absorption band centered at 
3433 cm− 1 is observed and assigned to the O–H stretching 
vibration (ν–OH), which is attributed to surface hydroxyl 
groups and the hygroscopic nature of biochar, allowing it to 
absorb moisture from the atmosphere [11, 45]. Additionally, 
a band at 1593 cm− 1 is detected, corresponding to the C = C 
stretching vibration of aromatic compounds present in the 
carbon framework of the support [21]. A further absorption 
band around 1226 cm− 1 is attributed to C–H bending vibra-
tions (γC–H), which are characteristic of aromatic structures 
in the biochar matrix [46]. The similarity between the FTIR 
spectra of the biochar and the Pt NPs/AcB indicates that the 
deposition of platinum nanoparticles does not significantly 
alter the chemical functionalities of the carbon support.

The deposition of Pt NPs on the AcB was confirmed 
by TEM, as shown in Fig.  3. As shown in Fig.  3(a), the 
Pt NPs exhibit a predominantly spheroidal morphology 
and are well dispersed over the AcB surface, indicating 
effective impregnation of the support. Figure  3(b) dis-
plays well-defined lattice fringes characteristic of metallic 
nanoparticles, with an interplanar spacing of 0.24 nm. This 
value can be assigned to the (111) crystallographic plane of 
face-centered cubic Pt. This assignment is consistent with 
literature reports for Pt NPs synthesized using similar meth-
ods [47]. Figure 3(c) more clearly reveals the presence of 
nanoparticles, with the particle size distribution shown in 
Fig. 3(d) and an average size of 5.18 ± 1.44 nm. Comparable 
values have been reported by Silva de Souza et al. [48], who 

observed platinum nanoparticles with an average size of 
2.80 ± 0.58 nm supported on LiNbWO₆.

The EDS results for the biomass and AcB are shown in 
Figure S6. The biomass exhibits only C and O signals, while 
the Cu signal originates from the analysis grid. After ZnCl2 
activation and pyrolysis, Zn is detected in the material. The 
EDS spectrum of Pt NPs/AcB (Fig.  3(e)) shows oxygen 
(53.9 wt%) and platinum (33.8 wt%) as the predominant 
elements, confirming the presence of Pt nanoparticles on 
the biochar surface. The remaining signals (C, O, and Zn) 
are associated with the carbon matrix and residual species 
from the activation process, while Cu again arises from the 
TEM grid. Elemental mapping by EDS for C, O, Zn, and 
Pt in fresh Pt NPs/AcB is shown in Figure S7, indicating 
a homogeneous distribution of these elements across the 
material surface.

.
The XPS spectra of the Pt NPs/BA catalyst are presented 

in Fig. 4. In Fig. 4(a), the XPS survey spectrum is shown, 
confirming the presence of Zn, Pt, C, O, and N on the surface 
of the Pt NPs/AcB catalyst. The Zn 2p signals observed at 
binding energies of 1021 and 1044 eV (Fig. 4(b)) correspond 
to the Zn 2p₃/₂ and Zn 2p₁/₂ orbitals, respectively, indicating 
the presence of Zn2+ species originating from the chemical 
activation of the material with ZnCl2 [49]. The Pt 4f spec-
trum (Fig. 4(c)) exhibits two characteristic peaks located at 
71.3 eV (Pt 4f₇/₂) and 74.5 eV (Pt 4f₅/₂), which are attributed 
to metallic platinum (Pt⁰), confirming the successful reduc-
tion and deposition of Pt NPs on the biochar surface [48]. In 
addition, the high-resolution spectra of carbon, oxygen, and 
nitrogen are shown in Figs. 4(d), 4(e), and 4(f), respectively. 
The C 1 s peak centered at ~ 285.0 eV is assigned to C–C 
and C = C bonds, characteristic of graphitic or aliphatic car-
bon species [50]. The O 1 s signal at ~ 532.0 eV is attributed 
to oxygen-containing functional groups, such as C–O bonds 
and surface hydroxyl species, which are commonly present 
on activated biochar surfaces [48, 50]. The N 1 s peak cen-
tered at ~ 399.6  eV is associated with nitrogen-containing 
surface functionalities, including pyrrolic or amine-type 
nitrogen species (C–N), likely originating from nitrogen-
rich reactants and/or surface interactions during catalysis 
[51]. Overall, the XPS results confirm the successful syn-
thesis of the Pt NPs/AcB catalyst, validating the presence 
and chemical states of all relevant elements. These findings 
ensure the reliability of subsequent experiments focused on 
hydrogen generation from ammonia borane using reduced 
platinum nanoparticles as the active catalytic phase.
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Fig. 4  XPS spectra of Pt NPs/AcB (a) survey spectrum, (b) Zn 2p, (c) Pt 4f, (d) C 1 s, (e) O 1 s, and (f) N 1s

 

Fig. 3  (a) High-resolution trans-
mission electron microscopy 
(HRTEM) image of Pt nanoparti-
cle–decorated activated biochar (Pt 
NPs/AcB); (b) magnified view of 
a selected region from (a); (c) addi-
tional high-magnification image 
highlighting Pt nanoparticles; (d) 
histogram by the particle size dis-
tribution; and (e) energy-dispersive 
X-ray spectroscopy (EDS) analysis 
of Pt NPs/AcB
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3.2  Application of Pt NPs/AcB for Hydrogen 
Evolution from Ammonia Borane

3.2.1  Evaluation of platinum loading

The Pt NPs/AcB catalyst was applied to hydrogen evolu-
tion from ammonia borane. Initially, the Pt NPs loading was 
varied, and the corresponding results are shown in Fig. 5. 
A platinum loading of 3 mol% resulted in a hydrogen gen-
eration rate (HGR) of 395.5 mL min− 1 g− 1 and a hydrogen 
yield of 25.5%. In contrast, increasing the platinum loading 
to 6.5 mol% led to the highest hydrogen generation perfor-
mance, achieving an HGR of 1781.7 mL min− 1 g− 1 and a 
yield of 85.6%. The favorable reaction kinetics and high 
hydrogen yield suggest an increased availability of active 
catalytic sites, as well as an enhanced ability of the catalyst 
to promote surface renewal during the reaction [11].

Based on the experimental data, kinetic relationships 
for the hydrolysis of NH3BH3 at different catalyst loadings 
were established (Figure S8), and a plot of the logarithm of 
the reaction rate constant versus the logarithm of the cat-
alyst dosage is presented in Fig.  5(c). The slope obtained 
was 4.10, indicating that the reaction exhibits an apparent 
reaction order higher than pseudo-fourth order with respect 
to the catalyst loading. This unusual kinetic behavior may 
be associated with changes in the available surface area of 
the catalyst, which directly influences the reaction rate. As 
an illustrative example, a pronounced difference in reac-
tion time was observed between platinum loadings of 5% 
and 6.5%, with reaction durations of approximately 25 
and 5 min, respectively. A similar high reaction order was 
reported by Bousada et al. [1], who obtained n = 4.5 when 
employing Pt NPs for NaBH4 hydrolysis.

3.2.2  Evaluation of support dosage

The support dosage was varied, and the corresponding 
results are presented in Figure S9. A support mass of 10 mg 
provided the best performance, achieving an HGR of 1781.7 
mL min− 1 g− 1. It was observed that increasing the amount 

of AcB used as support led to a decrease in the hydrogen 
generation rate, indicating that 10 mg remains the optimal 
reaction condition. Furthermore, a control experiment per-
formed using only the support, without Pt NPs addition, 
demonstrated the crucial role of this metal as the active cata-
lyst for the dehydrogenation reaction.

3.2.3  Evaluation of different NH3BH3 concentrations

The hydrogen production performance obtained from the 
variation of NH3BH3 concentration is shown in Figure S10. 
It is observed that the concentration of ammonia borane has 
a significant influence on H2 generation, exhibiting a posi-
tive correlation between the concentration of this hydrogen 
carrier and the volume of hydrogen produced. A similar 
behavior was reported by Jiang et al. [52], who investigated 
the dehydrogenation of NH3BH3 using a ruthenium-cobalt-
based catalyst.

Despite this overall trend, a decrease in the hydrogen 
generation rate (HGR) is observed at a concentration of 
0.74 mol L− 1. This behavior is attributed to a lower initial 
reaction slope and to the higher mass consumption of plat-
inum, which is directly associated with the use of higher 
NH3BH3 concentrations and directly affects the HGR cal-
culation. The kinetic parameters for reactions at different 
ammonia borane concentrations are presented in Figure 
S11. For all concentrations evaluated, the reaction order 
was approximately pseudo-first order, indicating similar 
reaction mechanisms across these processes.

3.2.4  Influence of NaOH concentration on hydrogen 
evolution

The effect of sodium hydroxide concentration on the cata-
lytic hydrolysis of ammonia borane was evaluated to assess 
the influence of alkaline conditions on hydrogen genera-
tion. This study was conducted because the performance of 
metallic nanoparticles in the hydrolysis of certain hydrogen 
storage materials can, in some cases, be enhanced by the 
addition of sodium hydroxide. This effect is attributed to 

Fig. 5  (a) Hydrogen production 
and (b) hydrogen generation rate 
(HGR) as a function of platinum 
loading in the NH3BH3 hydrolysis 
reaction mediated by Pt NPs/AcB. 
(c) Determination of the reaction 
order with respect to catalyst dos-
age (R2 = 0.989; R2 adj = 0.984). 
Reaction conditions: 10 mg of sup-
port, 1.00 mL of NH3BH3 solution 
(0.648 mol L− 1), and 25 °C
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the coordination of hydroxide anions on the catalyst sur-
face, which increases its electron density and facilitates the 
oxidative addition of the O–H bond, a key step in metal-
mediated hydrolysis reactions [1, 53]. However, as shown 
in Figure S12, alkalization of the reaction medium led to a 
reduction in reaction kinetics, resulting in a decrease in the 
hydrogen generation rate (HGR) of up to 42% at a NaOH 
concentration of 0.025 mol L− 1. A similar trend was reported 
by Bousada et al. [1], who observed a decrease in reaction 
rate upon NaOH addition during NaBH4 hydrolysis. This 
behavior may be attributed to the competitive adsorption of 
OH− ions at the active catalytic sites and to the increased 
solution viscosity, which respectively reduce metal-reactant 
interactions and hinder mass transfer to the catalytic surface 
[53, 54].

3.2.5  Kinetic Isotope Effect (KIE) evaluation

The kinetic isotope effect (KIE) was investigated by replac-
ing H2O with D2O during NH3BH3 hydrolysis, and the 
comparative results are shown in Fig. 6. KIE analysis is a 

well-established approach for identifying the rate-determin-
ing step of chemical reactions. As shown in Fig. 6(c), a KIE 
value of 6.74 was obtained, which falls within the range 
characteristic of a primary isotope effect (2–7), as opposed 
to a secondary effect (0.7–1.5) [55, 56].

A primary KIE indicates that the cleavage of a bond 
involving the isotopically labeled atom occurs in the rate-
determining step, whereas a secondary KIE reflects more 
complex mechanistic contributions [11]. Accordingly, the 
high KIE value demonstrates that the reaction step involv-
ing water plays a decisive role in controlling the overall 
reaction rate. This interpretation is further supported by the 
fact that hydrolysis performed in D2O resulted in a reaction 
time 438% longer and a hydrogen yield 37% lower com-
pared to reactions conducted in H2O under identical experi-
mental conditions.

3.2.6  Effect of temperature on catalytic performance

The results obtained from the temperature variation 
experiments are shown in Figs. 7 and S13. An increase in 

Fig. 7  Evaluation of temperature 
(a) volume of hydrogen pro-
duced, (b) hydrogen generation 
rate (HGR) and (c) determination 
of the activation energy based 
on the Arrhenius plot. Reaction 
conditions: 10 mg of support, 6.5 
mmol% of platinum, and 1.00 mL 
of NH3BH3 (0.648 mol L− 1)

 

Fig. 6  Kinetic Isotope Effect (KIE) evaluation (a) hydrogen produc-
tion and (b) hydrogen generation rate (HGR) using H2O and D2O. (c) 
Determination of the KIE based on the calculation of reaction rate con-

stants using the test function method. Reaction conditions: 10 mg of 
support, 6.5 mmol% of Pt NPs, 1.00 mL of NH3BH3 (0.648 mol L− 1), 
and 25 °C
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temperature led to a slight enhancement in reaction kinet-
ics, with the hydrogen generation rate (HGR) increasing to 
1888.8 mL min− 1 g− 1 compared to 1781.7 mL min− 1 g− 1 at 
25 °C. Based on these results, the apparent activation energy 
(Eₐ) of the reaction was determined to be 68.46 kJ mol− 1. 
This value is consistent with those reported in the litera-
ture for NH3BH3 hydrolysis catalyzed by noble metals. For 
instance, Liu et al. [57] and Akbayrak et al. [58] investi-
gated NH3BH3 hydrolysis using ruthenium-based catalysts 
and reported activation energies of 53.6 and 70.0 kJ mol− 1, 
respectively. Moreover, Zhang et al. [59] reported a higher 
Eₐ value of 73.5  kJ mol− 1 for hydrogen production from 
NH3BH3 using a bimetallic platinum-palladium catalyst.

3.2.7  Catalyst durability evaluation

The catalytic stability of the Pt NPs/AcB was evaluated 
through consecutive reaction cycles, and the efficiency 
results are shown in Fig. 8. The catalyst exhibited excellent 
durability, maintaining a high catalytic efficiency of approx-
imately 100% throughout all 30 consecutive reaction cycles. 
This sustained performance highlights the strong potential 
of the Pt NPs/BA catalyst for repeated hydrogen generation 
processes.

To normalize the reaction rate relative to the active Pt 
content, ICP-OES analysis was performed to determine the 
actual Pt loading in the catalyst prepared with 10 mg of sup-
port and 6.5 mmol% Pt NPs. The results indicated an actual 
platinum loading of 4.12 ± 0.10 mmol% in the catalyst. This 
loss of material may be attributed to the washing process 
during the synthesis of Pt NPs/AcB, as complete settling 
of the material does not occur. Based on these findings, 
the hydrogen generation rate (HGR) was normalized to the 

effective active Pt content, reaching 2982.1 mL min− 1 g− 1 
at 30 °C. Furthermore, the turnover frequency (TOF) was 
determined, achieving a value of 1211.5 h− 1.

In view of the positive reuse results, additional analyses 
were performed to evaluate the stability of the material after 
the reaction. After hydrogen evolution (Fig. 1(e)), the mor-
phology remains essentially unchanged, retaining its rough 
appearance, which indicates the preservation of the struc-
tural integrity and textural properties of the catalyst under 
the reaction conditions. TEM analysis was performed on the 
Pt NPs/AcB catalyst after catalytic use, as shown in Figure 
S14. The material maintained an appearance similar to that 
observed before use (Fig. 3), with no significant nanoparticle 
agglomeration, demonstrating the catalyst’s stability in line 
with the durability tests. This result is further supported by 
the particle size distribution (Figure S4(c)), which yielded 
an average size of 5.76 ± 1.46 nm, a value close to that found 
for the fresh Pt NPs/AcB catalyst (5.18 ± 1.44 nm).

The EDS analysis (Figure S14(d)), together with the 
elemental mapping of Pt NPs/AcB after the reaction (Fig-
ure S15), disregarding the copper signal from the grid, con-
firms the presence of C, O, and Pt distributed throughout 
the material. The significant presence of Pt highlights the 
absence of leaching during the catalytic process. The C and 
O elements are characteristic of the carbonaceous matrix, in 
agreement with the functional groups identified by FTIR. 
X-ray diffraction analysis of the fresh catalyst and the cata-
lyst after H₂ evolution is presented in Figs. 2(d). A compari-
son between the fresh and used catalyst shows that the main 
diffraction peaks attributed to metallic Pt remain unchanged 
after the reaction, indicating that the crystalline structure of 
the nanoparticles is preserved and demonstrating the struc-
tural stability of the active phase.

Fig. 8  Hydrogen production 
efficiency of Pt NPs/AcB over 
consecutive reaction cycles. Reac-
tion conditions: 10 mg of support, 
6.5 mmol% of Pt NPs, 1.00 mL 
of NH3BH3 (0.648 mol L− 1), and 
25 °C
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4  Conclusion

This study successfully demonstrated the synthesis and 
application of a high-performance nanocatalyst composed 
of platinum nanoparticles supported on activated biochar 
derived from pequi (Caryocar brasiliense) peel (Pt NPs/
AcB) for hydrogen production via ammonia borane hydro-
lysis. The valorization of an abundant agro-industrial resi-
due aligns with circular economy principles and resulted in 
a carbonaceous support with outstanding physicochemical 
properties. ZnCl2 activation played a crucial role in devel-
oping a mesoporous structure with a remarkably high spe-
cific surface area (1142.43 m2 g− 1), which proved essential 
for the effective anchoring and homogeneous dispersion of 
Pt NPs, as confirmed by TEM and XRD analyses. The Pt 
NPs/AcB catalyst exhibited remarkable catalytic activity, 
achieving a HGR of 2982.1 mL min− 1 g− 1 under optimized 
conditions (6.5 mmol% Pt NPs, 10 mg of support, 1.00 mL 
of NH3BH3 at 0.648 mol L− 1, and 30  °C), outperforming 
many catalytic systems reported in the literature. Mecha-
nistic investigation through kinetic isotope effect analysis 
revealed a primary KIE value of 6.74, indicating that O–H 
bond cleavage of water is the rate-determining step of the 
reaction. In addition, the catalyst demonstrated excellent 
durability, maintaining approximately 100% efficiency over 
30 consecutive reaction cycles. Overall, the results not only 
validate the hypothesis that pequi peel-derived biochar is 
a promising support for heterogeneous catalysis, but also 
present a robust, efficient, and sustainable catalytic sys-
tem for on-demand hydrogen generation. This approach 
opens new perspectives for the development of low-cost, 
high-value materials from residual biomass and contributes 
meaningfully to the advancement of clean hydrogen storage 
and production technologies. Future studies may explore 
further optimization of platinum loading and the incorpora-
tion of non-noble metals, potentially through alloy forma-
tion, to enhance performance and cost-effectiveness.
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