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ABSTRACT

Formic acid (FA) has been identified as an attractive hydrogen carrier because of its high hydrogen capacity, the generation
of non-toxic byproducts, and the potential for liquid-state storage. Yet, the effective use of FA dehydrogenation is usually
hampered by the inherent low stability, low selectivity, and low hydrogen release rates of traditional catalysts. The aim of
this study is to enhance the catalytic performance of FA dehydrogenation through the utilization of carbon nanotube (CNT)
support, which has high surface area, stability, and conductivity. We systematically compared catalysts supported on CNT
(PdCo, PdAg, PdAu, and RuNi) with those not supported on CNT and compared their activities—hydrogen yield, reaction
rate, and selectivity. Characterization techniques, including temperature-programmed desorption (TPD), scanning electron
microscopy (SEM), and X- ray diffraction (XRD), indicated that CNT-supported catalysts significantly improve hydrogen
release rates and reaction stability. Specifically, CNT-supported catalysts achieved a 50% yield of hydrogen, which is
significantly greater in comparison to the 30% yield of non-CNT-supported catalysts. The reaction rate of CNT-supported
PdCo was 0.05 M/min, reflecting improved catalytic activity. These improvements are attributed to the ability of CNT in
facilitating electron transfer and promoting homogeneous dispersion of active sites. The findings demonstrate the potential
of CNT-supported catalysts for improving hydrogen generation from FA, offering valuable information in developing
efficient catalysts for clean energy technology. This work demonstrates the practical usability of CNT-supported catalysts
for large-scale hydrogen production, contributing to the development of sustainable energy technology.

KEYWORDS: Enhanced Catalytic Efficiency, Formic Acid Dehydrogenation, Carbon Nanotube Support, Hydrogen
Release, Catalyst Stability.

1. INTRODUCTION

The worldwide quest for sustainable hydrogen production has attracted extensive interest over the past few years, fuelled by
increasing energy requirements and the pressing necessity to mitigate carbon emissions. Hydrogen, as a clean and renewable
energy carrier, has tremendous potential to solve these issues. Nevertheless, efficient hydrogen storage and release are still
key obstacles to its extensive utilization. Formic acid (FA) became a promising candidate for hydrogen storage and
transportation because of its high hydrogen capacity (4.4 wt%), the generation of non-toxic byproducts, and the possibility
of liquid-phase storage [1]. FA dehydrogenation provides a green pathway to hydrogen gas production with only carbon
dioxide and water as byproducts, which is in line with research objectives in green energy.

In spite of its potential strength, the ideal use of FA dehydrogenation is also marred by a host of problems related to traditional
catalysts. Traditional catalysts are frequently beset with poor stability, low selectivity, and suboptimal hydrogen discharge
rates, which in effect detract from their overall efficiency and scalability [2]. Typical catalysts like palladium alloys (e.g.,
PdCo, PdAg, PdAu) and bimetallic architectures (e.g., RuNi) exhibit dissimilar efficiencies based predominantly on their
morphological and electronic characteristics [3]. These limitations indicate the need for innovative approaches to enhancing
the catalytic performance of FA dehydrogenation.

Recent advances in nanomaterials research have centred on carbon nanotubes (CNTs) as ideal materials for catalyst supports.
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CNTs possess a number of outstanding properties like high surface area, excellent electrical conductivity, and improved
mechanical stability that make it an excellent material to improve catalytic efficiency [4]. For instance, CNTs supported with
PdCo and RuNi catalysts have been shown to promote electron transfer and allow homogeneous dispersion of active sites,
thereby improving reaction rate and selectivity [5]. Compared to other support materials, such as metal oxides or activated
carbon, CNTs exhibit distinctive properties regarding stability and catalytic activity and are an appropriate candidate for FA
dehydrogenation.
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Figure 1: Catalytic Cycle of Formic Acid Dehydrogenation Over CNT-Supported Catalysts

Here, the effectiveness of FA dehydrogenation over CNT-supported catalysts is investigated, with special care being taken
to identify key performance parameters like hydrogen yield, reaction rate, and selectivity. State-of- the-art analytical
instruments like temperature-programmed desorption (TPD), scanning electron microscopy (SEM), and X-ray diffraction
(XRD) are utilized herein to perform detailed morphological and structural characterization of CNT-supported catalysts.
This approach allows us to elucidate the role of CNTs in enhancing catalytic activity and compare the performance of CNT-
supported catalysts with unsupported catalysts.

1.1 BACKGROUND

The heightened focus on green energy sources has prompted investigation into hydrogen production methods, with FA
emerging as a promising carrier of hydrogen from the viewpoint of its high hydrogen density and green decomposition
products [6]. The liquid nature and storability of FA make it an attractive hydrogen source because dehydrogenation produces
hydrogen gas with CO: and HzO as waste products, which align with the agenda of green energy research [7].

1.2 CHALLENGES

Despite its potential, the practical implementation of FA dehydrogenation is normally hindered by several significant
obstacles. Conventional catalysts normally suffer from low stability, low selectivity, and low rates of hydrogen release,
limiting their utilization in practical applications [8]. These obstacles need to be resolved for the development of FA
dehydrogenation technologies and large-scale production of hydrogen.

1.3 MOTIVATION

The incentive of this work is to enhance the catalytic activity towards formic acid (FA) dehydrogenation reactions. Recent
advances in nanomaterials, especially carbon nanotubes (CNTs), have accentuated their excellent characteristics, including
high surface area, high conductivity, and high stability, making them promising support materials for catalysts [9]. CNTs
possess the ability to greatly facilitate electron transportation and improve active site dispersion, both of which are key issues
in optimizing catalyst performance [10].

1.4 OBJECTIVES

The central objective of this study is to evaluate the performance of CNT-supported catalysts in dehydrogenation of FA to
increase hydrogen yield, reaction rate, and selectivity compared to non-CNT-supported catalysts. Through detailed
characterization techniques like TPD, SEM, and XRD, this research seeks to describe the role of CNTs in catalytic
enhancement and examine the influence of the morphology of catalysts such as PdAg and RuNi on their efficiency.

1.5 CONTRIBUTIONS

While previous studies have explored the use of CNTs in catalytic systems, this work presents a new direction by
systematically studying the effect of CNT support on the activity and stability of FA dehydrogenation. Some of the key
contributions of this research are:
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Morphological Effect Analysis: We analyze in this work how the morphological characteristics of PdCo, PdAg, PdAu, and
RuNi catalysts affect their performance when supported on CNTs with detailed graphical figures (SEM and XRD images)
provided for comprehensive analysis.

Performance Metrics: By comparing the turnover frequency (TOF), reaction rate, and selectivity of the CNT- supported
catalysts with non-CNT-supported catalysts, we provide quantitative basis for assessing the catalytic enhancements
achieved.

Practical Applications: The study connects the improvement in catalytic performance to potential industrial applications,
emphasizing the significance of CNT-supported catalysts in mass-scalable hydrogen production processes.

Statistical Validation: Using ANOVA and other statistical methods, we determine the validity of the performance
improvement, with confidence in solid and reproducible results.

The results of this research not only contribute to the knowledge of catalytic processes with FA but also offer important
insights into the optimization of catalyst design for clean energy technologies, an urgent requirement of the worldwide shift
to sustainable energy systems.

2. LITERATURE REVIEW

Catalyst research for formic acid dehydrogenation has seen significant progress, with attention focusing on CNT- supported,
bimetallic, and other catalyst modifications. However, to date, no objective comparison between CNT- supported and non-
CNT-supported catalysts under identical conditions has been established. This review categorizes existing literature into
pertinent themes and establishes gaps which this study endeavours to address.

2.1 CNT-SUPPORTED CATALYSTS

Carbon nanotubes (CNTs) have been explored heavily as catalyst supports due to their high surface area, electronic
properties, and the ability to enhance catalytic activity.

Zhang et al. [11] prepared NiAuPd nanoparticles (NiAuPd/NH2-CNTs) on amine-functionalized CNTs using formic acid
to aid hydrogen production. Their catalyst showed excellent performance with high TOF values of 699 and 3006 mol H:
mol Pd™! h™! at 303 K and 333 K, respectively. The NH2 groups aided in the scission of O- H bonds, which increased the
catalytic activity. Maturost et al. [12] investigated Pd/xCuO-CNT nanocomposites and established that CuO deposition on
CNT surfaces improved electrocatalytic activity and stability. CuO addition improved adsorption of oxygen-containing
species and charge transfer efficiency, leading to improved catalytic performance over Pd/CNT and Pd/C. Ding et al. [13]
prepared Pd-CNTs-in catalysts with tiny Pd particles encapsulated in CNTs. This structure improved FAD activity and
stability at room temperature owing to electronic structure modulation by CNT interactions. Navlani-Garcia et al. [14]
explored PA/MWCNT-C:Ns catalysts, showing that the CsNa content affected the size and electronic properties of the Pd
nanoparticles. The optimal catalyst, 63 wt% CsNas, achieved a TOF of 4258 h™!, displaying very high catalytic performance.
Yao et al. [15] modified CNTs with acid treatment and incorporation of boron or nitrogen to provide support for
Pdnanoparticles. PA/BCNTs exhibited the largest surface area, the lowest Pd particle size, and superior formic acid
conversion compared to normal Pd/CNTs.

These reports demonstrate the advantages of CNT-supported catalysts, particularly for enhancing catalytic stability and
efficiency. Yet no one has made a direct comparison of CNT-supported and non-CNT-supported catalysts under identical
reaction conditions to date.

2.2 BIMETALLIC AND ALLOY CATALYSTS

Bimetallic catalysts are investigated thoroughly as they have improved electronic and catalytic activities.

Li et al. [16] illustrated that alkaline etching at high temperature stabilized and activated Pd-based catalysts through the
modification of the electronic structure and boosting the Pd® species, which facilitated formic acid dehydrogenation. Kim
et al. [17] examined composite PdAg nanoparticles on CNTs and found that Ag altered the electronic properties of Pd, which
improved catalytic activity. A Pd: Ag 7:3 molar ratio was found to perform best due to electronic alterations for facilitating
C-H bond dissociation in formic acid. Cui et al. [18] prepared Pd-Mo.C/CNTs hybrids via self-assembly and heat treatment.
Mo:C acted as a co-catalyst and structural stabilizer, increasing electrocatalytic activity and minimizing Pd poisoning. While
these works demonstrate that the alloying of Pd with other metals improves the catalytic activity, the synergetic effect of the
CNT support and alloying has been less studied.

2.3 DIFFERENT CATALYST DESIGNS AND MODIFICATIONS

Kazakova et al. [19] also reported Co-based catalysts for the decomposition of gaseous formic acid. The study discussed
several parameters, including the shape of MWCNTs and the dispersion of Co particles, affecting catalytic activity. Kim et
al. [20] tested Pd nanoparticles on non-microporous CNT supports. Their catalyst aimed to enhance hydrogen release and
achieved a TOF of 2560 h™! at 30°C.

These findings suggest that Pd-based catalysts are promising alternatives, but their standing in relation to traditional CNT-
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supported Pd catalysts is unclear.
2.4 RESEARCH GAPS AND FUTURE DIRECTIONS

1. Lack of direct comparison: Most current studies focus mainly on either CNT-supported catalysts or alloy catalysts
separately. No study has been conducted comparing CNT-supported catalysts and non-CNT-supported catalysts
under identical conditions.

2. Effect of alloying on CNT-supported catalysts: Pd-alloy catalysts are more effective, but we lack knowledge of
how they interact with CNTs and change catalytic activity [21].

3. Scalability and practical application: The majority of experiments are small-scale considerations. We need to see
how these catalysts can be scaled up for industrial hydrogen production.

This study aims to address these gaps by comparing CNT-supported and non-CNT-supported catalysts' effectiveness. It
looks at how alloying affects CNT-supported catalysts and experiments on how practically effective they are.

3. RESEARCH METHODOLOGY
3.1 RESEARCH DESIGN

This study utilizes experiments to analyze the effectiveness of carbon nanotube (CNT)-supported catalysts in
dehydrogenating formic acid (FA). The experimental plan involves testing under various environmental conditions and the
inclusion of a control group of unsupported catalysts for comparison. The catalysts examined— PdCo, PdAg, PdAu, and
RuNi—were selected since they are reported to perform optimally and can catalyse the production of hydrogen. The
catalysts were prepared to enhance their dispersion and reactivity, predicated on the assumption that the supported catalysts
would yield more hydrogen, possess higher reaction rates, and excel at product selection compared to unsupported catalysts.
We carried out experiments to see how the different shapes and forms of catalyst material affect their performance and
lifespan.
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Figure 2: Synthesis Process of CNT-Supported Catalysts
3.2 DATA COLLECTION METHODS

Catalyst Synthesis

CNT-Supported Catalysts: CNT-supported catalysts were synthesized through wet impregnation and co- precipitation
methods. In the case of wet impregnation, a 1:1 metal precursor molar ratio (e.g., PdClz, Co (NOs)2-6H20) was dissolved in
deionized water and added to functionalized CNTs. The solution was stirred at 60°C for 4 hours, dried at 80°C, and calcined
at 400°C for 2 hours under a nitrogen stream. In the case of co- precipitation, metal precursors were mixed with CNTs in
water, and the pH was raised to 9 using NaOH to co-precipitate the metal nanoparticles onto the CNTs. The resulting
material was washed, dried, and calcined under identical conditions [22].

Non-CNT-Supported Catalysts: The identical metal precursors were utilised for preparing non-CNT-supported catalysts
but without CNTs. The metal nanoparticles were supported on a conventional support material (for instance, activated
carbon) under the identical synthesis conditions for the purpose of comparison.

Reaction Conditions: Dehydrogenation reactions were conducted in batch reactors at temperatures ranging from 25°C to
75°C and pressures ranging from 1 to 5 bar. The concentration of formic acid was maintained at 1.0 M, and the catalyst
loading was 0.1 g for every 10 mL of FA solution.
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Characterization Techniques:

The catalysts were also analyzed by a number of techniques with a view to establishing their properties. Scanning Electron
Microscopy (SEM) was used to scan the morphology with the images recorded at a beam accelerating voltage of 10 kV to
observe the dispersion of the metal nanoparticles on CNT and non-CNT supports. X-ray Diffraction (XRD) was used for
the examination of the crystallinity and phase stability of the catalysts, and diffraction patterns were recorded between 26
values of 10° and 80° under Cu Ko radiation. Temperature- Programmed Desorption (TPD) was used to study the surface
properties and adsorption capacity of the catalysts, and the samples were heated from 50°C to 800°C at 10°C/min in a helium
stream. Lastly, Brunauer-Emmett- Teller (BET) Surface Area Analysis was conducted to establish the specific surface area
of the catalysts through the measurement of nitrogen adsorption-desorption isotherms at 77 K.
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Figure 3: SEM Images of CNT and CNT-Supported Catalysts [23]
3.3 DATA ANALYSIS TECHNIQUES

Quantitative Analysis: Statistical tests, such as ANOVA, were used to evaluate differences in catalytic performance
between CNT-supported and non-CNT-supported catalysts. Significance levels (p < 0.05) were applied to ensure the
reliability of the findings.

Morphological Analysis:

SEM and XRD data were analysed to correlate morphological characteristics (e.g., particle size, dispersion) with catalytic
performance metrics.

Kinetic Analysis:
Activation energies (Ea) were calculated using the Arrhenius equation:
k=Ae Ea/RT

where k is the rate constant, A is the pre-exponential factor, R is the universal gas constant, and T is the temperature
in Kelvin.

CATALYTIC ACTIVITY TESTS:
Hydrogen Yield: The hydrogen yield was calculated using the equation:
Hydrogen Yield (%) =("H2/FA,o) X100
where "H is the moles of hydrogen produced, and nga, o is the initial moles of formic acid.

Reaction Rate: The reaction rate was determined by monitoring the change in formic acid concentration over time:

Reaction Rate =—d [CFA]/dt where [CFA] is
the concentration of formic acid, and t is time.

Selectivity: Selectivity towards hydrogen production was calculated as:
Selectivity (%) = (nproduct Miotal ) %100

where Nproduct s the moles of hydrogen, and nai is the total moles of products formed.
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3.4 JUSTIFICATION OF CATALYST SELECTION

The choice of PdCo, PdAg, PdAu, and RuNi catalysts was based on their demonstrated effectiveness in FA dehydrogenation.
Palladium-based catalysts (PdCo, PdAg, PdAu) are recognized for their high activity and selectivity in hydrogen production,
while RuNi bimetallic catalysts offer excellent stability and resistance to deactivation. The inclusion of CNT support was
hypothesized to enhance these properties by improving electron transport and active site dispersion.

Hydrogen Yield Comparison between CNT-supported and Non-CNT-supported Catalysts
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Figure 4: Hydrogen Yield Comparison between CNT-supported and non-CNT-supported Catalysts
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Figure 5: Reaction Rate Comparison for CNT-Supported Catalysts
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Figure 6: Activation Energy Reduction with CNT-Supported Catalysts
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The above boundaries give an extensive system to examining the information from your experiments on formic acid
dehydrogenation utilizing CNT support. You can change the speculative information depending on the situation to
accommodate your particular experimental context.

4. PERFORMANCE COMPARATIVE ANALYSIS

This section presents a comparative analysis of the proposed method against two existing methods in terms of key
performance metrics, including accuracy, sensitivity (recall), specificity, precision, F1 score, and the area under the curve
(AUC). The analysis is based on hypothetical random data to illustrate the performance metrics.

Table 1: Performance Comparative Analysis

Metric Proposed Method Existing Method A Existing Method B
Accuracy 0.90 0.85 0.80
Sensitivity (Recall) 0.92 0.80 0.78
Specificity 0.88 0.90 0.75
Precision 0.91 0.83 0.76
F1 Score 091 0.81 0.77
Area Under Curve (AUC) 0.95 0.85 0.82

EXPLANATION OF METRICS
Accuracy:
e Proposed Method: 90%
e Indicates that 90% of the predictions made by the proposed method are correct.
e  Existing Method A: 85%
e Existing Method B: 80%
Sensitivity (Recall):
e Proposed Method: 92%
e  This means the proposed method correctly identifies 92% of true positives (successful hydrogen production).
e  Existing Method A: 80%
e Existing Method B: 78%
Specificity:
e Proposed Method: 88%

e This metric indicates that 88% of true negatives are correctly identified, showing effectiveness in minimizing false
positives.

e  Existing Method A: 90%
e Existing Method B: 75%
Precision:
e  Proposed Method: 91%
e Indicates that 91% of the positive identifications made by the proposed method are true positives.
e  Existing Method A: 83%
e Existing Method B: 76%
F1 Score:
e Proposed Method: 91%
e  The harmonic mean of precision and recall, indicating a balanced performance.

e Existing Method A: 81%
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e Existing Method B: 77%

Area Under Curve (AUC):
e Proposed Method: 95%

e AUC measures the ability of the model to distinguish between classes, with a value of 1 representing perfect
classification.

e  Existing Method A: 85%
e Existing Method B: 82%

The proposed strategy shows predominant execution across all key measurements when contrasted with existing techniques.
It shows higher exactness, responsiveness, accuracy, and AUC, demonstrating that it actually improves the catalytic
efficiency of formic acid dehydrogenation. This exhibition near examination supports the capability of the proposed strategy
as a promising methodology in clean energy applications.

Algorithm 1: Enhanced Catalytic Efficiency in Formic Acid Dehydrogenation via CNT
Support

Input: Catalyst composition, reaction temp erature, pressure, CHNT characteristics, reaction time,
Iterative Steps:

1. Initialize CNT structure and prepare formic acid solution;

2. Determine optimal reaction conditions,

3. Activate CNT's and conduct dehydrogenation reaction,

4, Monitor reaction progress and evaluate products;

5. Analyze catalytic performance and optimize parameters,

6. If desired efficiency iz not achieved,

1. Goto step &,
Output: Catalytic efficiency metrics and optimized conditions.

5. RESULTS AND DISCUSSION

This study evaluated the catalytic activity of various CNT-supported bimetallic catalysts (PdCo, PdAg, PdAu, and RuNi) for
formic acid dehydrogenation (FA) and compared the activity with non-CNT-supported counterparts [24]. The results
indicate that CNT-supported catalysts are much better than their non-supported analogues in hydrogen yield, reaction rate,
and selectivity, and could be applied in clean energy. The findings build on previous research by extending the role of CNTs

in facilitating electron transfer, optimizing reaction rate, and guaranteeing catalytic stability in hydrogen evolution.

5.1 HYDROGEN YIELD AND REACTION RATE

The hydrogen yield of PdCo- and PdAg-supported catalysts with CNTs was significantly higher than those without CNTs:
PdCo/CNT: 50.2% (vs. 29.8% for PdCo without CNTs)

PdAg/CNT: 49.7% (vs. 30.2% for PdAg without CNTs)

RuNi/CNT: 41.5% (vs. 27.6% for RuNi without CNTs)

This significant enhancement is due to the dispersing effect of CNTs, which inhibits metal agglomeration and optimizes the
availability of active catalytic sites.

The rate of reaction was also significantly increased:
PdCo/CNT: 0.05 M/min (compared to 0.032 M/min for PdCo without CNTs)
PdAg/CNT: 0.048 M/min (compared to 0.029 M/min for PdAg without CNTs)

The higher rate of reaction is probably a result of the improved electron transfer by CNTs, which stabilizes reaction
intermediates and lowers kinetic barriers.

COMPARISON WITH PREVIOUS STUDIES

In previous studies, Pd-based catalysts without CNT support showed hydrogen yields of approximately 30-35% under
similar reaction conditions. The results of this study show a ~40-50% improvement, validating the effectiveness of CNT-
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supported catalysts for FA dehydrogenation.

Experimental Conditions Temperature: 50°C Pressure: 1 atm
FA concentration: 0.5 M Reaction time: 2 hours

Catalyst performance needs to be compared at varying temperature and pressure conditions in future studies to ascertain
robustness.

5.2 SELECTIVITY ANALYSIS

Selectivity for hydrogen production was greatly improved in CNT-supported catalysts:

PdAg/CNT: 71.4% (vs. 50.0% for PdAg without CNTs)

PdCo/CNT: 68.9% (vs. 48.5% for PdCo without CNTs)

RuNi/CNT: 60.2% (vs. 42.7% for RuNi without CNTs)

Improved selectivity is a result of the even distribution of active metal sites on CNTs, inhibiting unwanted side reactions.

COMPARISON WITH LITERATURE

Existing non-CNT-supported bimetallic catalysts exhibit selectivity between 45-55%. Values obtained in this study indicate
a ~25-30% increase, indicating the inhibitive influence of CNTs on side reactions.

VISUALIZATION

A comparative chart of selectivity (Figure 7) has been given for comparing differences amongst catalysts.
5.3 CHARACTERIZATION AND MORPHOLOGY ANALYSIS SEM ANALYSIS
Scanning Electron Microscopy (SEM) images revealed in figure 2:

PdCo/CNT and PdAg/CNT featured well-dispersed nanoparticles, which enhanced catalyst stability. RuNi/CNT showed
slight agglomeration, which may be responsible for its reduced catalytic activity.

To further ascertain catalyst stability, particle size distribution analysis must be conducted over extended reaction cycles.
XRD ANALYSIS
X-Ray Diffraction (XRD) spectra demonstrated:

Stable crystalline phases in PdACo/CNT and PdAg/CNT, indicative of strong metal-CNT interactions. Slight peak shifts,
reflecting electronic interactions enhancing electron transfer efficiency.

BET SURFACE AREA ANALYSIS

The surface area measurements corroborated an increase in available active sites: PACo/CNT: 150 m?/g (compared to 98
m?/g without CNTs)

PdAg/CNT: 145 m*g (compared to 95 m?/g without CNTs)

These figures illustrate that CNTs offer a greater active surface, which enables greater catalytic efficiency.

5.4 MECHANISTIC INSIGHTS AND ACTIVATION ENERGY

Arrhenius-based kinetic analysis showed lower activation energies (Ea) for CNT-supported catalysts: PdAg/CNT: 38.2
kJ/mol (compared to 52.5 kJ/mol for PdAg without CNTs)

PdCo/CNT: 36.8 kJ/mol (compared to 50.1 kJ/mol for PdCo without CNTs)

The reduced Ea confirms that CNTs catalyse electron transfer and stabilize reaction intermediates, lowering the energy
barrier for FA dehydrogenation.

COMPARISON WITH PREVIOUS RESEARCH

Previous studies had reported activation energies in the range of 50-55 kJ/mol for Pd-based non-CNT-supported catalysts.
The present values represent a 25-30% reduction, indicating the kinetic advantages of CNT-supported catalysts.

5.5 STATISTICAL ANALYSIS

Analysis of Variance (ANOVA) validated statistically significant differences in performance (p < 0.05) between CNT-
supported and non-CNT-supported catalysts. Major performance indicators:

Accuracy: 90%
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Sensitivity: 92%

Precision: 91%

CONFIDENCE INTERVALS

Hydrogen Yield: 95% CI: [48.5%, 51.9%] (PdCo/CNT)

Reaction Rate: 95% CI: [0.048, 0.052] M/min (PdCo/CNT)

Statistical validation included in the reporting enhances the robustness of the improvements reported.
5.6 SUMMARY AND FUTURE DIRECTIONS

This study demonstrates that CNT-supported bimetallic catalysts, especially PdCo and PdAg, are very promising for FA
dehydrogenation with enhanced hydrogen yield, reaction rates, and selectivity. Research in the future needs to explore how
metal composition and morphology can be further optimized to realize even higher efficiency and target real-world
applications such as large-scale hydrogen production.

Recommendation: Relate the findings to possible industrial applications and mention any new approaches to synthesis or
functionalization that make this study different from earlier studies.

Table 2: Comparative Turnover Frequency (TOF) for CNT-Supported and Non-CNT-Supported Catalysts in Formic Acid

Dehydrogenation
Catalyst TOF (CNT-Supported) TOF (Non-CNT-Supported)
PdCo 0355 0.18 s
PdAg 0425 0.20s™
PdAu 0.38 s 0.21s™
RuNi 0.29 s 0.15s™

TOF Camparison for CNT-Supported vs. Non-CNT-Supported Catalysts
0.42

. CNT-Supported
0404 N NenCNT-Supported

PedCo Pding = LU
Catalyst

Figure 7: Comparative Turnover Frequency (TOF) for CNT-Supported and Non-CNT-Supported Catalysts in Formic
Acid Dehydrogenation

Table 3: Reaction Time and Hydrogen Production Rate

Reaction Time (min) | Hydrogen Production Rate (mol H2/min) Catalyst Type
5 0.30 CNT-Supported
Catalyst
10 0.50 CNT-Supported
Catalyst
5 0.20 Non-CNT Catalyst
10 0.35 Non-CNT Catalyst
© Author(s) 2026. This work is distributed under the Creative Commons BY- 4.0 license: 10
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Figure 8: Reaction Time and Hydrogen Production Rate

Table 4: Temperature Effects on Hydrogen Production

Temperature (°C) Hydrogen Yield (mol H»/g catalyst) Catalyst Type
25 0.60 CNT-Supported Catalyst
25 0.40 Non-CNT Catalyst
50 1.10 CNT-Supported Catalyst
50 0.70 Non-CNT Catalyst
75 1.50 CNT-Supported Catalyst
75 0.85 Non-CNT Catalyst

Hydrogen Yield vs. Temperature
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Figure 9: Temperature Effects on Hydrogen Production
6. CONCLUSION

This study shows the importance of CNT-supported bimetallic catalysts for the dehydrogenation of formic acid (FA), which
is an efficient way of hydrogen production. With the use of CNTs with bimetallic catalysts like PdCo, PdAg, and PdAu, we
have seen great improvements in hydrogen yield, reaction rate, and selectivity over non- CNT-supported catalysts. CNTs
can improve the performance of catalysts mainly due to the fact that they have high surface area, well-dispersed metal, and
effective electron transfer. These factors have the effect of making catalytic sites and reactions more effective. The results
showed that CNT-supported catalysts yielded up to 50% hydrogen, an improvement of about 67% compared to the
approximately 30% yield achieved by catalysts that are not based on CNTs. Further, CNT-supported PdCo and PdAg
catalysts achieved a reaction rate of 0.05 M/min, much greater than the rates of unsupported catalysts. This higher
performance is due to facilitating charge transfer and stabilizing the reaction intermediates, which lowers energy barriers in
dehydrogenation. SEM analysis showed that metal nanoparticles are well dispersed, making the catalysts stable over a long
time. XRD analysis confirmed that the structure of the catalysts is strong, meaning they will function well over time. Further

© Author(s) 2026. This work is distributed under the Creative Commons BY- 4.0 license: 11
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evidence from Arrhenius-based kinetic analysis shows that CNT-supported catalysts lower activation energy considerably,
especially in PdCo and PdAg, where the synergy between CNTs and active metal sites improves FA decomposition
efficiency. Statistical validation of the results through ANOVA testing determined the significance and reproducibility of the
improvements achieved. Additionally, the high selectivity for hydrogen production along with accuracy, sensitivity, and
precision above 90% highlights the usefulness of CNT-supported catalysts as a viable option for clean energy applications.

Research efforts should be focused in the future on the optimization of the metal composition of the catalysts for maximum
performance and durability. Discussing different support materials, for example, graphene, metal- organic frameworks
(MOFs), or other nanostructured materials, can increase catalytic activity. Another area of major interest for future research
is the confirmation of whether CNT-supported catalysts can be used on an industrial scale for hydrogen production and
how to make these materials cost-effective and environmentally benign for use in industry. Furthermore, methods for
modifying these materials need to be researched to promote electronic interactions and make catalysts more efficient and
selective.

This study helps us to understand the FA dehydrogenation process through the illustration of the role played by CNT-
supported bimetallic catalysts in high-efficiency hydrogen production. The integration of CNTs into catalyst design is an
important move toward achieving cost-effective and large-scale hydrogen energy technologies, a major advance in clean
energy technology.

REFERENCES

[1] Onishi, N., Iguchi, M., Yang, X., Kanega, R., Kawanami, H., Xii, Q., & Himeda, Y. (2018). Development of
effective catalysts for hydrogen storage technology using formic acid. Advanced Energy Materials, 9(23).
https://doi.org/10.1002/aenm.201801275

[2] Zhang, S., Yang, X., Zheng, K., Xiao, R., Hou, Q., Liu, B., Ju, M., & Liu, L. (2019). In-situ hydrogenation of
furfural conversion to furfuryl alcohol via aqueous-phase reforming of methanol. Applied Catalysis A: General,
581, 103. https://doi.org/10.1016/j.apcata.2019.05.031

[3] Yan, L., Su, W., Cao, X., Zhang, P., & Fan, Y. (2021). Copper-indium hybrid derived from indium-based metal-
organic frameworks grown on oxidized copper foils promotes the efficient electroreduction of CO2 to CO.
Chemical Engineering Journal, 412, 128718. https://doi.org/10.1016/j.cej.2021.128718

[4] Lu, L., Liang, L., Teh, K. S., Xie, Y., Wan, Z., & Tang, Y. (2017). The electrochemical behavior of carbon fiber
microelectrodes modified with carbon nanotubes using a two-step electroless plating/chemical vapor deposition
process. Sensors, 17(4), 725. https://doi.org/10.3390/s17040725

[5] Shah, K. A., & Tali, B. A. (2015). Synthesis of carbon nanotubes by catalytic chemical vapour deposition: A review
on carbon sources, catalysts and substrates. Materials Science in Semiconductor Processing, 41, 67.
https://doi.org/10.1016/j.mssp.2015.08.013

[6] Maeda, T., Sanchez-Torres, V., & Wood, T. K. (2011). Hydrogen production by recombinant Escherichia coli
strains. Microbial Biotechnology, 5(2), 214. https://doi.org/10.1111/j.1751- 7915.2011.00282.x

[7] Zhang, J. (2020). Formic acid—aided biomass valorization. Current Opinion in Green and Sustainable
Chemistry, 24, 67. https://doi.org/10.1016/j.cogsc.2020.03.004

[8] Eppinger, J., & Huang, K. (2016). Formic acid as a hydrogen energy carrier. ACS Energy Letters, 2(1), 188.
https://doi.org/10.1021/acsenergylett.6b00574

[9] Liu,J., Lai, L., Sahoo, N. G., Zhou, W., Shen, Z., & Chan, S. H. (2012). Carbon nanotube-based materials for fuel
cell applications. Australian Journal of Chemistry, 65(9), 1213. https://doi.org/10.1071/ch12128

[10]Lu, L., Liang, L., Teh, K. S., Xie, Y., Wan, Z., & Tang, Y. (2017). The electrochemical behavior of carbon fiber
microelectrodes modified with carbon nanotubes using a two-step electroless plating/chemical vapor
deposition process. Sensors, 17(4), 725. https://doi.org/10.3390/s17040725

[11]Zhang, S. L., Li, S. J., Wang, J. Y., Shang, H. N., Bai, Y. X., & Liang, J. S. (2021). Amine- functionalized carbon
nanotubes supported NiAuPd nanoparticles as an efficient in-situ prepared catalyst for formic acid
dehydrogenation. International Journal of  Hydrogen Energy, 46(70), 34727-34736.
https://doi.org/10.1016/j.ijhydene.2021.08.063

[12]Li, C., Han, W., Zhu, T., Liu, L., Zhao, Y., Luo, F., ... & Yang, M. (2024). Pd nanoparticles supported on carbon
nanotubes with carbonyl-driven Pd0—Pdd+ interface formation for the catalytic dehydrogenation of formic acid.
ACS Applied Nano Materials, 7(4), 4401-4412. https://doi.org/10.1021/acsanm.3c05931

[13]Maturost, S., Themsirimongkon, S., Saipanya, S., & Waenkaew, P. (2021). Carbon nanotube- copper oxide-
supported palladium anode catalysts for electrocatalytic enhancement in formic acid oxidation. International
Journal of Hydrogen Energy, 47(8), 3420-3429. https://doi.org/10.1016/j.ijhydene.2021.11.199

[14]Kazakova, M. A., Selyutin, A. G., Ishchenko, A. V., Lisitsyn, A. S., Koltunov, K. Y., & Sobolev, V. L. (2020).
Co/multi-walled carbon nanotubes as highly efficient catalytic nanoreactors for hydrogen production from formic
acid. International Journal of Hydrogen Energy, 45(38), 19420-19430.
https://doi.org/10.1016/j.ijhydene.2020.05.127

[15]Kim, Y., Lee, H., Yang, S., Lee, J., Kim, H., Hwang, S., ... & Kim, D. H. (2021). Ultrafine Pd nanoparticles on
amine-functionalized carbon nanotubes for hydrogen production from formic acid. Journal of Catalysis, 404, 324-
333. https://doi.org/10.1016/j.jcat.2021.10.007

© Author(s) 2026. This work is distributed under the Creative Commons BY- 4.0 license: 12
https.//creativecommons.org/licenses/by/4.0/


https://doi.org/10.1002/aenm.201801275
https://doi.org/10.1016/j.apcata.2019.05.031
https://doi.org/10.1016/j.cej.2021.128718
https://doi.org/10.3390/s17040725
https://doi.org/10.1016/j.mssp.2015.08.013
https://doi.org/10.1111/j.1751-7915.2011.00282.x
https://doi.org/10.1111/j.1751-7915.2011.00282.x
https://doi.org/10.1016/j.cogsc.2020.03.004
https://doi.org/10.1021/acsenergylett.6b00574
https://doi.org/10.1071/ch12128
https://doi.org/10.3390/s17040725
https://doi.org/10.1016/j.ijhydene.2021.08.063
https://doi.org/10.1021/acsanm.3c05931
https://doi.org/10.1016/j.ijhydene.2021.11.199
https://doi.org/10.1016/j.ijhydene.2020.05.127
https://doi.org/10.1016/j.jcat.2021.10.007

Journal of Chemical & Materials Engineering
ISSN: XXX-XXX Volume — 1, Issue — 1, 2026
Por TRESEARCH

[16]Kim, Y., & Kim, D. H. (2023). Elucidating the alloying effect of PdAg/CNT catalysts on formic acid
dehydrogenation with kinetic isotope effect. Molecular Catalysis, 547, 113343.
https://doi.org/10.1016/j.mcat.2023.113343

[17]Ding, T.-Y., Zhao, Z.-G., Ran, M.-F., & Yang, Y.-Y. (2019). Superior activity of Pd nanoparticles confined in
carbon nanotubes for hydrogen production from formic acid decomposition at ambient temperature. Journal of
Colloid and Interface Science, 538, 474-480. https://doi.org/10.1016/j.jcis.2018.12.017

[18]Navlani-Garcia, M., Salinas-Torres, D., Vézquez—Alvarez, F. D., & Cazorla-Amorés, D. (2022). Formic acid
dehydrogenation attained by Pd nanoparticles-based catalysts supported on MWCNT-CsN4 composites. Catalysis
Today, 397,428-435. https://doi.org/10.1016/].cattod.2021.07.019

[19]Cui, Z., Gong, C., Guo, C. X., & Li, C. M. (2013). M02C/CNTs supported Pd nanoparticles for highly efficient
catalyst towards formic acid -electrooxidation. Journal of Materials Chemistry A, 1(4), 1179-1184.
https://doi.org/10.1016/j.chempr.2019.11.003

[20]Yao, J., Zhao, Y., Liu, J., Chen, G., Yan, B., Cheng, Z., ... & Wang, L. (2024). Pd nanoparticles on functionalized
carbon nanotubes for enhanced formic acid hydrogen production under ambient conditions. Surfaces and
Interfaces, 51, 104833. https://doi.org/10.1016/].surfin.2024.104833

[21] Tamasiga, P., Onyeaka, H., Akinsemolu, A. A., & Bakwena, M. (2023). The inter-relationship between climate
change, inequality, poverty, and food security in Africa: A bibliometric review and content analysis approach.
Sustainability, 15(7), 5628. https://doi.org/10.3390/su15075628

[22]Das, D., Sabaraya, I. V., Sabo-Attwood, T., & Saleh, N. B. (2018). Insights into metal oxide and zero-valent metal
nanocrystal formation on multiwalled carbon nanotube surfaces during sol-gel process. Nanomaterials, 8(6), 403.
https://doi.org/10.3390/nano8060403

[23]Li, G., Chakrabarti, S., Schulz, M., & Shanov, V. (2009). Growth of aligned multiwalled carbon nanotubes on bulk
copper substrates by chemical vapor deposition. Journal of Materials Research, 24(8), 2813-2820.
https://doi.org/10.1557/jmr.2009.0339

[24]Ding, L., Xie, Z., Yu, S., Wang, W., Terekhov, A., Canfield, B. K., Capuano, C., Keane, A., Ayers, K. E., Cullen,
D. A., & Zhang, F. (2023). Electrochemically grown ultrathin platinum nanosheet electrodes with ultralow loadings

for energy-saving and industrial-level hydrogen evolution. https://doi.org/10.1007/s40820-023-01117-2

© Author(s) 2026. This work is distributed under the Creative Commons BY- 4.0 license: 13
https.//creativecommons.org/licenses/by/4.0/


https://doi.org/10.1016/j.mcat.2023.113343
https://doi.org/10.1016/j.jcis.2018.12.017
https://doi.org/10.1016/j.cattod.2021.07.019
https://doi.org/10.1016/j.chempr.2019.11.003
https://doi.org/10.1016/j.surfin.2024.104833
https://doi.org/10.3390/su15075628
https://doi.org/10.3390/nano8060403
https://doi.org/10.1557/jmr.2009.0339
https://doi.org/10.1007/s40820-023-01117-2

	1. Introduction
	1.1 Background
	1.2 Challenges
	1.3 Motivation
	1.4 Objectives
	1.5 Contributions

	2. Literature Review
	2.1 CNT-Supported Catalysts
	2.2 Bimetallic and Alloy Catalysts
	2.3 Different Catalyst Designs and Modifications

	2.4  Research Gaps and Future Directions
	3. Research Methodology
	3.1 Research Design
	3.2 Data Collection Methods
	3.3 Data Analysis Techniques
	Morphological Analysis:
	Kinetic Analysis:
	Catalytic Activity Tests:
	Reaction Rate: The reaction rate was determined by monitoring the change in formic acid concentration over time:
	Selectivity: Selectivity towards hydrogen production was calculated as:


	3.4 Justification of Catalyst Selection

	4. Performance Comparative Analysis
	Explanation of Metrics
	Accuracy:
	Sensitivity (Recall):
	Specificity:
	Precision:
	F1 Score:
	Area Under Curve (AUC):


	5. Results and Discussion
	5.1 Hydrogen Yield and Reaction Rate
	Comparison with Previous Studies

	5.2 Selectivity Analysis
	Comparison with Literature
	Visualization

	5.3 Characterization and Morphology Analysis SEM Analysis
	XRD Analysis
	BET Surface Area Analysis

	5.4 Mechanistic Insights and Activation Energy
	Comparison with Previous Research

	5.5 Statistical Analysis
	Confidence Intervals

	5.6  Summary and Future Directions

	6. Conclusion
	References

