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Abstract
Hydrogen energy is widely regarded as one of the most promising alternatives to fossil fuels. This study focuses on the 
synthesis of an environmentally friendly zwitterionic polymer catalyst, Poly(Quaternized-2-diethylaminoethyl methacry-
late) (P(Q-DMA)), was synthesized and evaluated for the first time as a metal-free catalyst in NaBH4 methanolysis for 
hydrogen production. Owing to its zwitterionic nature, P(Q-DMA) was designed to interact synergistically with methanol 
and sodium borohydride through multiple mechanisms, including ion–dipole, ion–ion, and hydrogen-bonding interactions. 
The structure–function relationship was investigated using surface analysis (BET, SEM and Zeta), chemical characteriza-
tion (FTIR, TGA), and kinetic modeling. Systematic optimization revealed high catalytic efficiency, achieving a hydrogen 
generation rate (HGR) of 443.4 mL H2 min−1 gcat−1 and a mass-specific HGR of 8868.4 mL H2 min−1 gcat−1, with a low 
activation energy (Ea) of 19.91 kJ mol−1. The polymer also exhibited good electrocatalytic activity (0.72 mA cm−2 at 0.8 V 
in 1 M NaOH + 0.1 M NaBH4) and stable performance during NaBH4 electrooxidation. Importantly, zeta potential values 
shifted from + 13.1 mV before reaction to − 12.2 mV (unwashed) and − 8.43 mV (washed) after reaction, indicating surface 
modification by adsorbed borate species. These results highlight P(Q-DMA) as a promising biocompatible, metal-free cat-
alyst for scalable hydrogen production and electrochemical applications, aligning with sustainable and clean energy goals.
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1  Introduction

Hydrogen production has become a cornerstone of the global 
transition to sustainable energy systems. Among the avail-
able methods, the methanolysis of NaBH4 has attracted sig-
nificant attention because of its high hydrogen yield under 
relatively mild reaction conditions. NaBH4, a white crystal-
line solid with high hydrogen content and remarkable stabil-
ity, is considered a leading candidate for efficient hydrogen 
storage and release [1]. In reaction with methanol (MeOH), 
NaBH4 undergoes methanolysis, producing hydrogen gas 
according to the following equation [2]:

NaBH4 + 4CH3OH → NaB(OCH3)4 + 4H2(g)

Despite its potential, this reaction is inherently slow, neces-
sitating the use of catalysts to accelerate the process by 
facilitating interactions among NaBH4 and MeOH while 
reducing the activation energy Effective catalysts enhance 
the physical and chemical interactions in the reaction 
medium, enabling rapid hydrogen production.

The methanolysis reaction involves three critical com-
ponents: the catalyst, MeOH, and NaBH4. The interaction 
among these components governs the reaction rate. For 
example, BH−

4  is an anion and forms strong ion–ion inter-
actions and hydrogen bonds with cations and heteroatoms, 
respectively, in the reaction medium. MeOH contains a 
highly electronegative oxygen atom and therefore exhibits 
strong ion–dipole interactions with other molecules. It is 
also well known that -OH groups can form strong hydro-
gen bonds. Therefore, a catalyst capable of simultaneously 
exhibiting ion–dipole, ion–ion, and hydrogen-bonding 
interactions with NaBH4 and MeOH would theoretically 
be highly effective. Consequently, many studies have been 
conducted on different functional groups. Sahiner and co-
workers highlighted the catalytic efficiency of quaternized 
nitrogen groups, demonstrating their significant impact on 
hydrogen production in the methanolysis of NaBH4 [3–9]. 
These studies demonstrated that quaternized nitrogen sig-
nificantly increases the catalytic effect. Abebe et al. [10] 
investigated the role of carboxylic acids in hydrogen pro-
duction. Ekinci et al. [11] emphasized that hydrochar inter-
acts with the boron atom of borohydride and the oxygen 
atom of MeOH. Ma et al. [12] examined the functional 
groups present in natural lignin. In addition, Onat et al. 
(2024) reported Ru@CQDs catalysts for ammonia borane 
hydrolysis, achieving hydrogen generation rates exceed-
ing 159,000 mL g−1 min−1, though relying on noble metals 
and hydrolytic pathways [13]. Similarly, sucrose-derived 
Ru@CQDs catalysts have demonstrated very high HGR 
values in both NaBH4 and KBH4 hydrolysis (167,588 and 
122,527  mL  g−1  min−1, respectively), further highlighting 

the strong performance of hydrolytic systems [14]. How-
ever, a review of the literature shows that studies on catalysts 
involving multiple interactions simultaneously (ion–dipole, 
ion–ion, hydrogen bonding, etc.) remain limited. Therefore, 
many factors should be considered simultaneously when 
designing a catalyst. Recently, metal-free catalysts derived 
from biomass and heteroatom-doped carbons have emerged 
as promising alternatives to conventional metal-based 
systems, showing high H₂ generation activity in NaBH4 
methanolysis [15, 16]. Recent reports have also empha-
sized environmentally friendly catalytic systems for NaBH4 
hydrolysis in different solvents, underscoring the versa-
tility and strong activity of hydrolysis-based approaches 
[17]. In particular, phosphorus and oxygen co-doping of 
biomass-derived carbons has been shown to significantly 
enhance catalytic H2 generation from NaBH4 methanoly-
sis, with Spirulina-based catalysts achieving HGR values 
up to 19,500  mL  min−1  g−1 [18]. Similarly, oxygen and 
nitrogen co-doping on Spirulina-derived carbon nanopar-
ticles resulted in a four-fold enhancement in catalytic activ-
ity, reaching HGR values of 10,105 mL min−1 g−1, further 
highlighting the promise of heteroatom-enriched metal-free 
catalysts [19]. Nevertheless, methanolysis remains advan-
tageous compared to hydrolysis, particularly in avoiding 
by-product accumulation and operating efficiently under 
milder conditions [18]. In this context, the rationale for 
selecting a zwitterionic polymer catalyst lies in its ability 
to combine cationic and anionic functionalities within the 
same macromolecular framework. This dual charge balance 
generates multiple complementary interaction sites that can 
simultaneously stabilize NaBH4 and MeOH, thereby facili-
tating methanolysis through synergistic effects. Specifically, 
quaternized ammonium groups enhance electrostatic inter-
actions with borohydride anions, while sulfonate groups 
promote ion–dipole and hydrogen–bonding interactions 
with methanol. In addition, ester moieties further strengthen 
hydrogen bonding, thereby collectively lowering the acti-
vation barrier. This synergistic functionality distinguishes 
zwitterionic polymers from conventional single-function 
catalysts and highlights their potential for enhanced hydro-
gen generation activity.

In addition to their chemical functionality, the environ-
mental impact of catalysts is a critical factor to consider. 
Traditional catalysts are mostly based on metals and metal 
alloys, which are effective but costly and environmentally 
harmful [10, 20–22]. Because they are difficult to dispose 
of after use, they cause serious environmental problems. 
In this context, poly(2-diethylaminoethyl methacrylate) 
(PDMA) has emerged as a promising alternative. PDMA is 
a water-soluble polymer containing tertiary amino groups, 
which can be easily protonated in acidic media. Due to 
its biocompatibility and pH- and heat-sensitive nature, it 
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is generally used to prepare materials for controlled drug-
delivery systems [23, 24], and contact lenses perez talanta 
[24]. As a result, (i) its biocompatibility, (ii) its ability to 
adopt cationic and anionic structures with simple modifica-
tions, and (iii) its hydrogen-bonding groups such as esters 
demonstrate that PDMA is an important alternative catalyst 
for NaBH4 methanolysis reactions. However, to the best of 
our knowledge, no study has reported hydrogen production 
using zwitterionic polymers derived from P(DMA).

Building on these insights, the aim of this study is to pres-
ent an innovative approach to catalyst design and to synthe-
size more effective and environmentally friendly catalysts 
using this strategy. P(Q-DMA), synthesized by modifying 
2-(dimethylamino)ethyl methacrylate (DMA) with 1,3-pro-
panesultone (PS) followed by polymerization, was designed 
to exhibit ion–dipole, ion–ion, and hydrogen-bonding inter-
actions. Experimental results demonstrated that P(Q-DMA) 
significantly outperformed conventional catalysts in terms 
of catalytic efficiency and environmental compatibility. 
This pioneering approach provides a foundation for future 
advances in catalyst design for renewable energy applica-
tions, particularly hydrogen production. The insights gained 
from this study may guide the development of next-gener-
ation polymeric catalysts with enhanced performance and 
scalability, potentially transforming industrial processes for 
sustainable energy systems. Although zwitterionic polymers 
have previously been reported in electrochemical and bio-
medical applications, to the best of our knowledge, their 
direct catalytic potential in sodium borohydride methano-
lysis has not been systematically investigated. This study 
addresses this gap by integrating zwitterionic functionality 
into a polymeric catalytic network, offering new insights 
into structure–activity relationships in metal-free systems. 
By correlating kinetic parameters (e.g., activation energy, 
Eyring analysis) with surface characteristics and functional 
groups, this work contributes to both fundamental catalysis 
research and practical hydrogen-generation applications.

2  Material and Methods

2.1  Materials

2-(Dimethylamino)ethyl methacrylate (DMA, C7H13NO2, 
98%, Sigma-Aldrich), 1,3-propanesultone (PS, C3H6O3S, 
98%, Sigma-Aldrich), ethylene glycol dimethac-
rylate (EGDMA, C10H14O4, 98%, Sigma-Aldrich), 
2,2′-azobis(2-methylpropionitrile) (AIBN, C8H12N4, 98%, 
Sigma-Aldrich), tetrahydrofuran (THF, C4H8O, anhy-
drous, ≥ 99.9%, Sigma-Aldrich), and methanol (MeOH, 
CH3OH, ≥ 99.8%, Merck) were used in this study. Before 
use, DMA was purified by passing through a silica column, 

and AIBN was recrystallized in MeOH. All other chemi-
cals were used as received without further purification. 
Deionized water (18.2 MΩ·cm, Millipore system) was used 
throughout the experiments.

2.2  Quaternization of DMA

The quarternization of DMA was synthesized according 
to [25, 26]. Briefly, 100 mL of dry THF was added to the 
round-bottomed reaction flask, closed with a septum, and 
degassed with N2 gas for 20 min. Then, 10 mL (59.35 mmol) 
of freshly DMA monomer, passed through a silica column, 
was added to this flask with a syringe and degassing con-
tinued. Meanwhile, certain amounts of dry THF and 7.24 g 
(59.35 mmol) of PS were added to another vial, closed with 
a septum, and degassed with N2 gas. After 30 min, the PS 
solution was added dropwise to the DMA solution with a 
cannula. The DMA solution began to become cloudy while 
the PS solution was added. The reaction was continued 
overnight at room temperature. At the end of the reaction, 
the milky white precipitate was decanted and washed sev-
eral times with THF to remove impurities. Finally, the sul-
fobetaine DMA (Q-DMA) monomer was filtered and dried 
in a freeze dryer (Fig. 1A).

2.3  Polymerization of Q-DMA

For polymerization, in a round-bottomed reaction flask, 
2 g (8.1 mmol) of Q-DMA was dissolved in 12 mL of pure 
water and then certain amount of dry THF (until the solution 
started to become cloudy) and then 2.5 mol% EGDMA were 
slowly added. Meanwhile, 50  µg of AIBN and 2  mL dry 
THF were added to a separate vial, respectively. Both solu-
tions were closed with a septum and degassed with N2 gas 
for 20 min. Q-DMA solution was heated to 65 °C and then 
the AIBN solution was added. The reaction was continued 
overnight. At the end of the reaction, the polymer precipitate 
was filtered, and washed several times with distilled water 
and THF and dried in a freeze dryer (Fig. 1B).

2.4  Characterization of P(Q-DMA) Polymers

The P(Q-DMA) polymers were analyzed using various tech-
niques to determine their properties. Morphological analy-
sis was performed by scanning electron microscopy (SEM) 
by using an FEI Quanta FEG250 device. Functional groups 
within the polymer were identified by FT-IR spectroscopy 
using a Bruker Alpha model instrument, which recorded 
spectra with a resolution of 4 cm-1 in the 4000–500 cm-1 
range. Thermal stability was evaluated using a Tetra SII 
Exster 6000 instrument under a nitrogen atmosphere, heat-
ing samples from 25  °C to 1000  °C at 5  °C/min. Surface 
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2.5  Hydrogen Generation Tests

The catalytic performance of P(Q-DMA) in NaBH4 metha-
nolysis was evaluated using a water displacement method to 
measure hydrogen evolution. Experiments were conducted 
using 50 mg P(Q-DMA), 125 mg NaBH4 in 10 mL MeOH 
under stirring at 750 rpm and 30 °C. In addition, optimiza-
tion studies were carried out to further elucidate the catalytic 
effect of P(Q-DMA). In these studies, the optimum amounts 

area and porosity were evaluated using a Quantachrome 
Nova Touch LX4. Zeta potential measurements were per-
formed with a Zetasizer Nano ZS (Malvern Instruments) 
to determine the surface charge of the catalysts before and 
after NaBH4 methanolysis.

Fig. 1  Betainisation of DMA (A) and polymerization of Q-DMA (B)
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2.7  Computational Methods

Density Functional Theory Calculations using B3LYP func-
tional were used with a basis set containing polarization and 
diffuse functions at 6–311+g(d) level was used in calcula-
tions using Gaussian 16, Revision C.02 [27, 28]. D3 disper-
sion correction by Grimme was applied in all calculations 
[29]. All calculations were performed in implicit methanol 
solvent effect by using IEFPCM method [30]. Interaction 
energies were calculated for the lowest energy structures by 
using counterpoise method for BSSE correction [31].

3  Results and Discussions

3.1  Characterization of Catalysts

The proton NMR spectrum of the compound Q-DMA 
revealed key structural insights, confirming successful 
quaternization (Fig.  2). The spectrum showed vicinal and 
geminal vinyl protons at 6.00 ppm and 5.62 ppm, respec-
tively. Four methylene (-CH2-) groups, each adjacent to a 

of P(Q-DMA) (25–250 mg) and NaBH4 (50–150 mg), vol-
ume of MeOH (2–10 mL) and temperature (25–60 °C) on 
hydrogen production were determined. Activation energy 
(Ea), activation enthalpy (ΔH#), and activation entropy 
(ΔS#) were calculated using Arrhenius and Eyring equations 
based on temperature-dependent data.

2.6  Electrochemical Measurements

The catalytic activity of the polymer for NaBH4 electrooxi-
dation was determined by electrochemical measurements 
performed on a CHI 660E potentiostat device. Experimen-
tal measurements were performed with a 3-electrode sys-
tem consisting of a glassy carbon electrode as the working 
electrode, Ag/AgCl electrode as the reference electrode, and 
platinum wire as the counter electrode. CV measurements 
were taken in 1 M NaOH and 1.0 M NaOH + 0.1 M NaBH4 
solutions and the electrocatalytic activity of the polymer 
was determined. The stability and catalytic resistance of the 
polymer were evaluated by CA and EIS measurements at 
different voltage values, respectively.

Fig. 2  1H NMR spectrum of Q-DMA monomer
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quaternary ammonium group (R2NH2
+) showed N–H bend-

ing at 1645  cm−1 and N–H stretching at 3417  cm−1. The 
sulfate group (–SO3

−) presented strong absorption bands at 
1163 cm−1 for S=O stretching and 601 cm−1 for S–O stretch-
ing. These peaks collectively confirm the successful forma-
tion and chemical modification of P(Q-DMA), highlighting 
its readiness for catalytic applications.

SEM images (20–2 µm) of P(Q-DMA) polymer are pre-
sented in Fig. 4. When the images were examined, it was 
understood that P(Q-DMA) polymer was synthesized as 
irregular particles. The sizes of the 100 particles in Fig. 4B 
were calculated with ImageJ software (excluding very large 
particles). Accordingly, the average particle size of P(Q-
DMA) was determined as 1180  mn, and the sizes of the 
smallest and largest particles were determined as 540 and 
2641 nm, respectively.

Thermogravimetric Analysis (TGA) results highlight the 
thermal stability of P(Q-DMA, Fig. 5). An initial mass loss 

carbon atom with two hydrogen atoms, were identified as 
triplets with chemical shifts at 4.66  ppm (Hc), 3.43  ppm 
(Hd), 3.66 ppm (Hf), and 4.48 ppm (Hg). The two methyl 
protons attached to the quaternary nitrogen group resonated 
at 3.06  ppm, while the methyl group of the methacrylate 
moiety was observed at 1.78  ppm. The integration of all 
signals matched the theoretical proton count, validating the 
successful synthesis of the target compound.

The P(Q-DMA) structure was confirmed through Fou-
rier Transform Infrared (FT-IR) spectroscopy, as illustrated 
in Fig. 3. The spectrum was recorded with a resolution of 
4 cm−1 in the range of 4000–500 cm−1, clearly displaying 
characteristic peaks corresponding to functional groups 
in the polymer. The aliphatic –C–H stretching vibrations 
were observed between 3000 and 2800 cm−1, accompanied 
by C–H scissoring bands at 1477  cm−1. The ester group 
exhibited distinct signals at 1722  cm−1 for C=O stretch-
ing and at 1033 cm−1 for C–O stretching. Furthermore, the 

Fig. 3  FT-IR spectrum of P(Q-DMA)
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Fig. 6. As can be seen from Fig. 6A, the required hydro-
gen volume for 2, 4, 6, 8 and 10 mL MeOH was produced 
in 3, 2.25, 2.5, 2.25 and 2 min, respectively. HGR values 
were calculated as 5826.96, 7996.08, 7164.84, 7941.24 and 
8868.36  mL H2 min−1 gcat

−1, respectively (Fig.  6B). The 
increase in HGR with higher MeOH volumes can be attrib-
uted to the enhanced solvation of NaBH4, facilitating its 
decomposition and subsequent hydrogen release. However, 
it was observed that additional MeOH did not significantly 
reduce reaction time beyond a certain point (10 mL). This 
plateau effect suggests that an optimal solvent-to-reactant 
ratio exists for maximizing the efficiency of NaBH4 metha-
nolysis. Previous studies reported comparable trends, such 
as those involving Co/activated carbon (Co/AC) catalysts, 
where higher MeOH volumes similarly led to improved 
hydrogen production rates [32]. For example, Sahiner et al. 
reported HGR values of 6783.12, 6798.84, and 9432.72 mL 
H2 min−1 gcat−1 for 2, 4, and 6  mL MeOH, respectively. 
The slightly higher efficiency of P(Q-DMA) can be attrib-
uted to its zwitterionic structure, which promotes stronger 

of 11.88 wt% below 130 °C corresponds to the evaporation 
of solvents and/or volatile compounds embedded within the 
polymer matrix. Degradation occurs in two main stages, 
with significant weight losses of 53.18 wt% at 365 °C and 
25.31 wt% at 450  °C. At 800  °C, the residual mass was 
found to be 4.42 wt%, indicating excellent thermal stability 
suitable for catalytic applications.

3.2  Hydrogen Generation Results

3.2.1  Effect of Methanol Volume on NaBH4 Methanolysis

The effect of MeOH volume on hydrogen production 
via NaBH4 methanolysis was systematically evaluated 
under various conditions. Experiments were conducted 
with MeOH volumes of 2, 4, 6, 8, and 10  mL, keeping 
other parameters constant: 50  mg of P(Q-DMA) catalyst, 
125  mg NaBH4, 30  °C, and a stirring speed of 750  rpm. 
The required volume of hydrogen was successfully pro-
duced in all experiments. The results obtained are given in 

Fig. 4  SEM micrographs of P(Q-DMA) polymer with different scale bars (A: 20 µm, B: 10 µm, C: 5 µm, D: 2 µm)
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could explore methanol recovery and recycling systems to 
enhance the sustainability of this process.

3.2.2  Effect of P(Q-DMA) Amounts on NaBH4 Methanolysis

Determining the optimal amount of catalyst is quite sig-
nificant for balancing efficiency and cost-effectiveness in 
hydrogen production. Therefore, determining the optimum 
catalyst amount is critical. To evaluate the optimal catalyst 

ion–dipole and hydrogen-bonding interactions. Identify-
ing 10 mL as the optimal MeOH volume underscores the 
importance of solvent selection and optimization in cata-
lytic hydrogen production systems. These results highlight 
the superior catalytic efficiency of P(Q-DMA) and provide 
valuable insights into the mechanistic role of methanol in 
facilitating NaBH4 methanolysis. Identifying 10 mL as the 
optimal methanol volume provides a basis for scaling up the 
reaction for industrial hydrogen production. Further studies 

Fig. 6  Effect of MeOH volume on 
(A) H2 production and (B) HGR 
values of P(Q-DMA) (Reaction 
conditions: 50 mg P(Q-DMA), 
0.100 g NaBH4, 20 mL MeOH, 
298 K, stirring rate 750 rpm)

 

Fig. 5  Thermogravimetric analysis of P(Q-DMA)

 

1 3

378  Page 8 of 22



Catalytic Application of a Zwitterionic Polymeric Network for Hydrogen Generation via Sodium Borohydride…

rate also increases [33, 34]. The obtained results proved also 
this phenomenon. However, the observed decline in HGR 
beyond 50 mg suggests that excessive catalyst amount may 
lead to aggregation of the polymers, reducing the acces-
sibility of active sites. This phenomenon underscores the 
importance of balancing catalyst quantity to achieve effi-
ciency and cost-effectiveness. Similar results were obtained 
for P(2-VP) supported Ru(II) used as a catalyst in the pro-
duction of hydrogen by methanolysis of NaBH4 [35]. For 
example, the reaction rates and HGR values for 10, 25, 50 
and 100 mg catalyst amounts were determined to be 149, 
148, 167 and 170 mL H2 min−1 and 2980, 1192, 669 and 
339 mL H2 min−1gcat

−1, respectively in that study. Hydrogen 
production times were reported to be around 5 min. These 
findings confirm the significant role of catalyst amount in 
optimizing hydrogen production efficiency [35].

loading, experiments were conducted using 25, 50, 125, 
and 250 mg of P(Q-DMA), while keeping other parameters 
constant (10 mL MeOH, 125 mg NaBH4, 30 °C, 750 rpm). 
The results are summarized in Fig.  7. Accordingly, the 
required hydrogen volume for 25, 50, 125 and 250 mg P(Q-
DMA) was produced in 3.75, 2, 2.5 and 2 min, respectively 
(Fig.  7A). As for the HGR values, the required hydrogen 
volume for 25 mg P(Q-DMA) amount was produced at least 
1.5 times longer than other P(Q-DMA) amounts. The differ-
ence between the production times for other amounts was 
negligible. The reaction rates for 25, 50, 125 and 250 mg 
P(Q-DMA) amounts were calculated as 252.57, 443.42, 
367.34 and 455.28 mL H2 min−1 and the HGR values were 
calculated as 10,102.8, 8868.36, 2938.75 and 1821.1  mL 
H2 min−1gcat

−1, respectively (Fig.  7B). The number of 
active sites that exhibit catalytic effect increases with the 
increase in the amount of catalyst. As a result, the reaction 

Fig. 7  (A) Effect of P(Q-DMA) amount on hydrogen production, (B) corresponding HGR values of P(Q-DMA), and (C) reaction kinetics of P(Q-
DMA) (Reaction conditions: 10–60 mg P(Q-DMA), 0.125 g NaBH4, 10 mL MeOH, 298 K, stirring rate 750 rpm)
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The slope of this graph was calculated as 0.386. Accord-
ingly, it was understood that the reaction kinetics was of the 
zero degree according to the amount of NaBH4. According 
to these results, it was decided that the amount of 125 mg 
NaBH4 was appropriate. This amount was kept constant in 
the following experiments. Another factor in choosing this 
amount of NaBH4 was that the data obtained could be com-
pared accurately with the literature, because a significant 
portion of the data reported in the literature was obtained 
with 125 mg NaBH4.

These results underscore the importance of optimizing 
NaBH4 concentration for efficient hydrogen production. 
The ability of P(Q-DMA) to achieve high HGR even at 
moderate NaBH4 concentrations highlights its potential for 
scalable and cost-effective applications in hydrogen energy 
systems.

3.2.4  Effect of Temperature on NaBH4 Methanolysis

Temperature is also one of the most effective parameters 
for the hydrogen production as in all reactions. There-
fore, experiments were carried out with different tempera-
tures (25, 30, 40, 50 and 60 °C) to elucidate the hydrogen 
production and the capacity of the catalyst, while 10  mL 
MeOH, 50  mg P(Q-DMA), 125  mg NaBH4 amount and 
750 rpm stirring speed were kept constant. The results are 
summarized in Fig. 9. Accordingly, the hydrogen produc-
tion times for 25, 30, 40, 50 and 60 °C temperatures were 
2, 2, 1.75, 1.25 and 1.25 min, respectively (Fig. 9A). The 
reaction rates were calculated as 435.88, 434.39, 535.99, 
771.68 and 837.90  mL H2 min−1 and HGR values were 
8717.52, 8787.84, 10,719.84, 15,433.60 and 16,758 mL H2 
min−1gcat

−1, respectively (Fig.  9B). As expected, the cata-
lytic performance of P(Q-DMA) increased in all aspects 
with the increase in temperature. Similar temperature-
dependent trends were observed with other catalysts. Simi-
lar results were reported for poly(acrylic acid)-modified 
silica nanoparticles [10]. HGR values increased from 5120 
to 12,211  mL H2 min−1gcat

−1 when the temperature was 
increased from 20 °C to 50 °C in that study. This high effect 
of temperature was also revealed in other studies [4, 37–41].

This study highlighted the importance of both P(Q-
DMA) and NaBH4 amount, and temperature in optimiz-
ing hydrogen production via NaBH4 methanolysis. The 
observed reaction kinetics emphasized the importance of 
these parameters in achieving efficient hydrogen production. 
Optimizing reaction temperature is crucial for maximizing 
efficiency in catalytic hydrogen production. The superior 
performance of P(Q-DMA) across a wide temperature range 
demonstrates its robustness and versatility, reinforcing its 
potential for industrial applications. Future studies could 
explore the integration of heat recovery systems to mitigate 

In this study, the kinetics of the reaction was also inves-
tigated with the graph drawn with ln(catalyst amount) and 
ln(HGR) (Fig. 7C). The slope (0.193) of this graph showed 
that it was a zero-order reaction according to the amount of 
P(Q-DMA). Hydrogen production times for 25 and 50 mg 
P(Q-DMA) were found to be 3.75 and 2 min, respectively, 
and HGR values were found to be 10,102.8 and 8868.36 mL 
H2 min−1gcat

−1. Although the HGR value obtained with 
25  mg P(Q-DMA) was higher, the hydrogen production 
time was 1.88 times slower. In addition, the HGR values 
obtained for 25 and 50  mg P(Q-DMA) were quite close 
to each other. Therefore, hydrogen production times were 
decisive in determining the appropriate catalyst amount and 
the following experiments were continued with the amount 
of 50  mg P(Q-DMA). Identifying 50  mg as the optimal 
catalyst amount provides critical insights into the efficient 
utilization of P(Q-DMA). This finding emphasizes the poly-
mer’s superior catalytic performance and aligns with sus-
tainable practices by minimizing material usage without 
compromising efficiency. Future work could explore scaling 
these findings for industrial applications, ensuring larger-
scale cost-effectiveness.

3.2.3  Effect of NaBH4 Amounts on NaBH4 Methanolysis

In this study, the effect of the amount of NaBH4 on hydro-
gen production was systematically investigated. For this 
purpose, experiments were conducted with 50, 100, 125 
and 150 mg NaBH4 amounts, while 10 mL MeOH, 50 mg 
P(Q-DMA), 30  °C and 750  rpm stirring speed were kept 
constant. The findings are presented in Fig. 8. Accordingly, 
the required hydrogen volume for 50, 100, 125 and 150 mg 
NaBH4 amounts was produced in 1.5, 2, 2 and 2.25 min, 
respectively (Fig. 8A). The reaction rates were calculated 
as 243.01, 346.90, 443.42 and 467.57  mL H2 min−1 and 
HGR values were calculated as 4860.12, 6937.92, 8868.36 
and 9351.48  mL H2 min−1gcat

−1, respectively (Fig.  8B). 
Accordingly, with the increase in the amount of NaBH4, 
both the reaction rate and HGR increased. The increase in 
HGR with higher NaBH4 amounts can be attributed to the 
greater availability of borohydride ions, which enhances the 
rate of methanolysis. The linear effect in the reaction rate 
and HGR with the increase in the amount of NaBH4 was 
also reported by Sahiner [4]. In that study, it was found that 
when the amount of NaBH4 was increased from 62.5 mM to 
400 mM, the HGR value increased from 1422 to 7710 mL 
H2 min−1gcat

−1, respectively. A similar effect was also seen 
in the studies conducted by Inger et al. [36] and Dudu et al. 
[21].

The effect of NaBH4 amount on the reaction kinetics 
was also investigated with the logarithmic values of the 
amount of NaBH4 and HGR values in this study (Fig. 8C). 
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Fig. 9  (A) Effect of temperature on hydrogen production and (B) corresponding HGR values of P(Q-DMA) (Reaction conditions: 50 mg P(Q-
DMA), 0.125 g NaBH4, 10 mL MeOH, temperature range 0–60 °C, stirring rate 750 rpm)

 

Fig. 8  Effect of the amount of NaBH4 in hydrogen production (A), HGR values of P(Q-DMA) (B), and reaction kinetics of P(Q-DMA) (C). (Reac-
tion conditions: 50 mg P(Q-DMA), 0.05–0.20 g NaBH4, 10 mL MeOH, 298 K, stirring rate 750 rpm)
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ln k
T

= −∆H#

R
1
T

+ ln kB

h
+ ∆S#

R
� (3)

In this equation, kB is the Boltzmann constant 
(1.381 × 10−23 J K−1), h is Planck constant (6.626 × 10−34 J.s).

3.2.5  Catalytic Mechanism Between P(Q-DMA), NaBH4, and 
MeOH

An ideal catalyst for the methanolysis of NaBH4 should 
strongly interact with NaBH4 and MeOH through adsorp-
tion processes. NaBH4 has BH−

4  anion in its structure 
and its hydrogens are nucleophile. The BH−

4  anion inter-
acts with the cations in the medium either ion-ion and/or 
ion–dipole or hydrogen bonds with molecules with polar 
molecules and heteroatoms. On the other hand, MeOH 
has a dipole moment due to the high electronegativity of 
the oxygen in its structure. Thanks to this feature, MeOH 
shows ion–dipole interaction with the ions in the medium 
and makes hydrogen bonds with the hydrogen in its struc-
ture with heteroatoms. Therefore, the simultaneous pres-
ence of ions and heteroatoms that can enter strong ion-ion 
and/or ion–dipole and hydrogen bond interactions in the 
structure of a catalyst are the most important features that 
will determine the catalytic effect of that catalyst. In other 
words, the number of ions and heteroatoms determines 
the performance of a catalyst and decreases the activation 
energy of the reaction. Although the surface area and pore 
volume of the catalyst are also important in this interaction, 
this study focused only on the effects of ion-ion, ion–dipole 
and hydrogen bonds. For this purpose, P(Q-DMA) which is 
biocompatible and has a zwitterion structure was used for 
the first time in the production of hydrogen from NaBH4 
by methanolysis. P(Q-DMA) contains quaternized nitro-
gen (cationic) and sulfonate groups (anionic). In addition, 

energy costs and further enhance the sustainability of this 
process. The results emphasize optimizing reaction tem-
perature to maximize efficiency while minimizing energy 
costs. Future studies could integrate heat recovery systems 
to mitigate the energy requirements of high-temperature 
operations, enhancing the overall economic feasibility.

To further understand the temperature dependence of 
hydrogen production, the activation energy (Ea) for P(Q-
DMA) was calculated using the Arrhenius equation Eqs. (1) 
and (2):

k = A.e− Ea/RT� (1)

lnk = lnA − Ea/RT� (2)

In the equations, k is the reaction rate constant, A is the 
Arrhenius constant, R is the ideal gas constant, T is the 
temperature and Ea is the activation energy. The plot of 
1/T versus lnk is shown in Fig. 10A. The activation energy 
was calculated from the slope of this graph. Accordingly, 
the activation energy of P(Q-DMA) was determined to be 
19.91 kJ mol−1. When comparing the results, the activation 
energy of P(Q-DMA) was found to be quite favorable com-
pared to the literature (Table 2). For instance, natural lignin-
based catalysts exhibited Ea values of 19.5 kJ mol−1, while 
TD particles (ATIF 38) catalysts demonstrated Ea values as 
low as 16.86 kJ mol−1. Compared to these, P(Q-DMA) pro-
vides a competitive advantage due to its high HGR values 
coupled with low Ea, making it a highly efficient and scal-
able option.

Additionally, using Fig. 10B which was drawn using the 
Eyring equation given in Eq. 3, ΔH# (activation enthalpy) 
and ΔS# (activation entropy) values were calculated as 
17.27 kJ mol−1 and −185.57 kJ mol−1, respectively, while 
ΔG# were found as 56,27 kJ mol−1.

Fig. 10  (A) Arrhenius plot of 1/T vs ln k and (B) Eyring plot of 1/T vs ln (k/T) for NaBH4 methanolysis catalyzed by P(Q-DMA) (Reaction condi-
tions: 0–60 °C, 50 mg P(Q-DMA), 0.125 g NaBH4, 10 mL MeOH, stirring rate 750 rpm)
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anionic sulfonate groups in the structure of P(Q-DMA), 
respectively.

2.	 Concurrently, BH−
4  and/or MeOH formed hydrogen 

bonds with the ester group of P(Q-DMA).
3.	 MeOH attacked the boron atom of BH−

4 , while the 
nucleophilic hydrogen of BH−

4  racts the hydrogen of 
MeOH to produce H2 gas.

Zeta potential measurements before and after methanolysis 
provided additional insights into the catalytic mechanism. 
The surface charge shifted from + 13.1  mV (pre-reaction) 
to − 12.2  mV (unwashed) and − 8.43  mV (washed) after 
reaction (Table 2), confirming adsorption of tetramethoxy-
borate ([B(OCH3)4]−) anions onto quaternized nitrogen sites 
of P(Q-DMA). This dynamic surface modification supports 
the view that synergistic ion–ion, ion–dipole, and hydrogen 
bonding interactions collectively lower the activation bar-
rier. This observation is in line with previous reports on pro-
tonated chitosan–zeolite hybrids, where positively charged 
–NH3

+ groups and acidic zeolite sites promoted BH4
− 

adsorption and proton transfer, thereby enhancing hydrogen 
generation efficiency [18]. Furthermore, the zwitterionic 
structure of P(Q-DMA) provides a synergistic framework 
where quaternized ammonium cations and sulfonate anions 
function cooperatively. This dual-site configuration enables 
simultaneous stabilization of NaBH4 and MeOH, ensur-
ing efficient adsorption and charge transfer. The concurrent 
presence of hydrogen-bonding ester and sulfonate groups 

sulfonate groups can make hydrogen bonds with the oxy-
gens in their structure. Apart from this, it is well known that 
esters also make strong hydrogen bonds. Accordingly, since 
borohydride is anionic, it enters into electrostatic interaction 
with the quaternized nitrogen in the structure of P(Q-DMA) 
during the reaction. Meanwhile, the hydrogens of the boro-
hydride form hydrogen bonds with the ester groups of P(Q-
DMA). MeOH shows predominantly ion–dipole interaction 
with the anionic sulfonate group. Similar to the synergistic 
role of phosphorus and oxygen functionalities in carbon-
based catalysts, which enhance electron transfer and adsorp-
tion capacity, the zwitterionic groups of P(Q-DMA) provide 
multiple complementary sites for efficient NaBH4 methano-
lysis [42]. Also, compared to the reported oxygen/nitrogen 
doped microalgae-derived catalysts (Ea = 39.75  kJ  mol−1, 
HGR = 10,105 mL min−1 g−1), our zwitterionic P(Q-DMA) 
system achieved a much lower Ea (19.91 kJ mol−1) while 
maintaining competitive hydrogen generation performance 
[19].

It is also thought that hydrogen bonds are formed, albeit 
slightly, with the hydrogen in MeOH and the oxygens in 
the sulfonate group (in S=O) (Fig. 11). The catalytic mecha-
nism can be summarized as follows;ds are formed, albeit 
slightly, with the hy

1.	 BH−
4  anion and MeOH entered into ion-ion and ion–

dipole interactions with the quaternized nitrogen and 

Table 1  Comparing of HGR and Ea values of various catalysts for NaBH4 methanolysis in other studies
Catalyst Temp 

(°C)
HGR (mL H2.
min−1)

HGR (mL H2.min−1gcat
−1) Ea (kJ 

mol−1)
Method Ref.

Carbon nanotube (CNT) supported bime-
tallic CuBi catalysts

30 485.8 9716.3 34.72 Methanolysis [37]

Co/activated carbon (Co/AC) 30 344.7 6895.08 11.29 Methanolysis [25]
PdNi@VC NPs 30 - 2727.4 54.2 Methanolysis [40]
P(AEM)-Co 30 - 842 38.2 Hydrolysis [10]
P(AEM) 236 42.5 Methanolysis
P(AEM)+Cl− 1366 37.3 Methanolysis
TD particles 30 549 21,960.2 16.86 

18.14
Methanolysis [4]

GD particles 394.6 39,459.6
Natural lignin 25 1021.2 20,425 19.5 Methanolysis [13]
Waste ceramic frit 30 Methanolysis [36]
F1 501.35 10,027 18.21
F2 441.9 8839 29.71
AAPC-WBTL 50 76.76 7676 47.06 Methanolysis [38]
AAPC-WGTL 90.85 9084.75 47.89
Poly(2-vinyl pyridine)-hexane 30 271.7 5433 20.84 Methanolysis [3]
P(AMPS)-TDA-1 PIL microgel 30 128.1 854 14.30 Methanolysis [9]
P(C6VImBr) microgels 30 58.71 5871 34.30 Methanolysis [5]
Chitosan coated cellulose cotton fibers 22 388 7760 14.41 Methanolysis [39]
PDMA cryobeads 30 76.36 3818 19.34 Methanolysis [41]
P(Q-DMA) 30 443.4 8868.36 19.91 Methanolysis This 

study
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(i)	 Adsorption – NaBH4 is electrostatically attracted to 
quaternized ammonium sites, while MeOH interacts 
with sulfonate groups via ion–dipole interactions.

(ii)	 Activation of reactants – Quaternized ammonium 
groups polarize the B–H bonds of NaBH4, whereas 
sulfonate and ester groups form hydrogen bonds with 
MeOH, lowering the activation barrier.

(iii)	Intermediate formation and H2 release – MeOH mole-
cules attack the boron atom, leading to B–H bond cleav-
age; simultaneously, hydrides from NaBH4 react with 
protons of MeOH to generate H2.

(iv)	Product desorption and regeneration –[B(OCH3)4]− 
intermediates remain weakly adsorbed on ammonium 
sites, while H2 molecules are freely released due to 
weak van der Waals interactions, as supported by DFT 
calculations.

This stepwise mechanism demonstrates how the synergistic 
interactions within P(Q-DMA) facilitate efficient hydrogen 
evolution while maintaining catalyst stability.

3.2.6  Computational Results

Many different initial structures were created manually to 
determine lowest energy positions of methanol, BH−

4  and 
H2 solvent on the model structure that represents functional 
groups on the polymer. The four lowest energy structures for 
model polymer-methanol and their counterpoise corrected 
interaction energies are given in Fig. 12. These results pre-
sented that MeOH is mainly coordinated with the sulfonate 
anion head group followed the coordination around the ester 
group.

amplifies this effect by stabilizing reactive intermediates. As 
a result, the catalyst benefits from a collective reduction in 
activation energy and a marked enhancement in hydrogen 
generation rates. The proposed catalytic mechanism was 
further validated through DFT calculations, confirming the 
above interactions and processes. These results highlight 
the combined effects of electrostatic interactions, hydrogen 
bonding, and ion–dipole interactions in driving the superior 
catalytic performance of P(Q-DMA) in NaBH4 methanoly-
sis. In addition, the structural modifications introduced by 
the zwitterionic architecture of P(Q-DMA) directly corre-
late with its catalytic performance. The presence of both 
quaternized ammonium cations and sulfonate anions creates 
multiple active interaction sites, enhancing adsorption and 
charge transfer between NaBH4 and MeOH. The ester and 
sulfonate groups further contribute through strong hydrogen 
bonding, which stabilizes intermediates and lowers the acti-
vation barrier. SEM analysis confirmed irregular nanoscale 
morphologies that increase surface accessibility, while zeta 
potential measurements demonstrated the adsorption of 
borohydride-derived species, validating dynamic charge 
modulation during the reaction. Collectively, these struc-
tural features explain the observed low activation energy 
(19.91 kJ mol−1), high hydrogen generation rate (8868.4 mL 
H2 min−1 gcat

−1), and operational stability, thereby estab-
lishing a clear structure–performance relationship unique 
to P(Q-DMA). Such effects are consistent with previous 
findings that nitrogen and oxygen functionalities in carbon 
frameworks facilitate adsorption and charge transfer during 
NaBH4 methanolysis [19].

To provide a more detailed mechanistic insight, the cata-
lytic pathway of P(Q-DMA) in NaBH4 methanolysis can be 
described in four sequential stages (Fig. 11):

Fig. 11  Proposed catalytic mech-
anism of P(Q-DMA) (A) and 
adsorption mechanism of MeOH 
and NaBH4 on P(Q-DMA) (B), 
based on experimental observa-
tions (zeta potential, FTIR) and 
supported by DFT calculations
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mainly concentrated around the sulfonate group with the 
interaction energy over 20 kcal mol−1, it is also possible to 
interact partly with ester group of the polymer with interac-
tion energy around 10 kcal mol−1. The lowest energy struc-
ture for five methanol groups around the model polymer unit 
confirm this result given in Fig. 15 which show four of the 
methanol is in interaction with the sulfonate group and one 
of the is in interaction with ester group. We demonstrated 
that the polymer unit can coordinate one BH−

4  strongly 
and many MeOH solvents with significant hydrogen bond 
interactions. H2 molecules are freely moving in the polymer 
network with weak vdW interaction.

3.2.7  Comparison with Literature

In order to better evaluate this study, the results obtained 
were compared with other studies in the literature (Table 1). 
The results were compared in terms of HGR. However, two 
HGR values were compared, one with the catalyst amount 
(mL H2 min−1) and one without it (mL H2 min−1 g−1). When 
the catalyst amount is included in the HGR calculation, 
the HGR value decreases with the increase in the catalyst 
amount. The lower the catalyst amount used, the higher the 
HGR values are achieved. This does not provide sufficient 
precision in terms of comparing the results with the litera-
ture. For example, in this study, while the maximum HGR 

This calculation is repeated for all groups on the same 
polymer model structure and lowest energy structures with 
highest interaction energies were determined (Fig.  13). 
We determined that while the MeOH coordinated with the 
sulfonate group, the strongest interaction energy is deter-
mined for BH−

4  with the tertiary ammonium cation with 
−43.82 kcal mol−1 interaction energy. The weakest interac-
tion energy is determined for the H2 interaction with the 
model structure at less than 2  kcal/mol that indicates the 
relatively free movement of the H2 molecules in the system.

In addition to the pairwise interactions; model unit, 
methanol, BH−

4  and H2 were optimized all together in the 
same system starting from different initial structures. We 
determined that the molecules conserved their positions and 
interaction energies in the lowest energy structure (Fig. 14) 
with a slight decrease compared to the energies and position 
calculated in the pairwise interactions given in Fig. 13.

It should be noted that our calculations showed that the 
BH−

4  interaction with the quarternary ammonium groups 
have the strongest interaction energy and the second low-
est energy for the same system have very significant dif-
ference with this lowest energy polymer-BH−

4  interaction. 
The position of BH−

4  is decisive around ammonium cation. 
Oppositely, H2 have very low interaction energy with close 
values between 1–2 kcal mol−1 freely moving in the system. 
For methanol solvent, we concluded that while they were 

Fig. 12  Optimized structures and corresponding interaction energies 
for the four lowest-energy configurations illustrating the adsorption of 
methanol on the model repeating unit of the P(Q-DMA). (a) methanol 
forming hydrogen bonds with the sulfonate oxygen and a backbone 

C–H hydrogen atom, (b) methanol coordinated mainly with the sul-
fonate group, (c) methanol interacting simultaneously with a carbonyl 
oxygen and a backbone C–H hydrogen atom, and (d) methanol form-
ing a single hydrogen bond with a carbonyl oxygen.
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was removed from these calculations, the hydrogen produc-
tion rate of P(Q-DMA) was 443.4 mL H2 min−1 and that of 
GD particles was 394.6 mL H2 min−1. Accordingly, it was 
understood that P(Q-DMA) actually had better catalytic per-
formance than GD particles. For this reason, HGR values 

value of 8868.4 mL H2 min−1 g−1 was achieved with P(Q-
DMA), Gokkus et al. [43] obtained a maximum HGR value 
of 39,459.6  mL H2 min−1  g−1 with GD particles. In other 
words, while GD particles had 4.45 times better catalytic 
performance than P(Q-DMA), when the amount of catalyst 

Fig. 13  Lowest energy structures 
and their interaction energies for 
these structures for a) methanol, 
b)BH−

4  and c) H2
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nanotube (CNT) supported bimetallic CuBi [45] catalysts, 
respectively, were higher than P(Q-DMA. The activation 
energies of these catalysts were found to be 16.86, 18.14, 
19.5, 18.21 and 34.72 kJ mol−1, respectively. TD and GD 
particles contain amine groups and hydroxyl groups that 
have the ability to make strong hydrogen bonds in their 
structures. It was demonstrated by Sahiner and his group 
that the catalytic effects of amine groups in hydrogen 
production were quite high [3, 4, 7, 8, 46]. Natural lignin 
contains hydroxyl, carbonyl, ether and phenyl groups that 
have the capacity to make abundant hydrogen bonds. It was 
thought that the high effect of these groups led to both a 
significant increase in the HGR values of the catalysts and 
a decrease in their Ea values. This provided higher results 
than P(Q-DMA).

In terms of HGR (mL H2 min−1), it was understood that 
the HGR values calculated with natural lignin (1021.2 mL 
H2 min−1) [12], TD particles (549 mL H2 min−1) [43], F1 
(501.35  mL H2 min−1) [44] and carbon nanotube (CNT) 
supported bimetallic CuBi (485.6 mL H2 min−1) [45] were 
higher than 443.4  mL H2 min−1 obtained for P(Q-DMA). 
As stated above, natural lignin and TD particles are quite 

obtained without including the amount of catalyst were also 
included in the comparisons.

In terms of HGR values (mL H2 min−1  g−1), the HGR 
achieved with P(Q-DMA) (8868.36 mL H2.min−1gcat

−1) was 
found to be significantly higher than many studies in the lit-
erature (Table 1). When Table 1 was examined, it was seen 
that the HGR values (21,960.2, 39,459.6, 20,425, 10,027, 
and 9716.3 mL H2 min−1gcat

−1) obtained with TD and GD 
particles [43], natural lignin [12], F1 [44] and Carbon 

Table 2  Zeta potential values of P(Q-DMA) before and after NaBH4 methanolysis
Zeta potentials (mV)

Before H2 production After H2 production (unwashed) After H2 production (washed)
P(Q-DMA) 13.1 −12.2 −8.43
Conditions: T = 25 °C, Solvent; Methanol

Fig. 15  Lowest energy structure and interaction energy for the system 
containing model unit, and five methanol

 

Fig. 14  Lowest energy structure and interaction energy for the system containing model unit, methanol, BH−
4  and H2 together
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area and pore volume, which facilitated the exposure of 
active sites and promoted ion–dipole and hydrogen-bond-
ing interactions with NaBH4 and methanol. These structural 
features, together with the observed zeta potential changes, 
demonstrate that the functional groups (quaternary ammo-
nium, sulfonate, and ester) operate synergistically to stabi-
lize intermediates and enhance catalytic activity. Overall, the 
catalytic performance of P(Q-DMA) can be attributed not 
only to its chemical functionality but also to the interplay of 
surface charge distribution, porosity, and morphology. The 
positive-to-negative shift in zeta potential is consistent with 
other reports on biopolymeric and heteroatom-doped car-
bon systems, further confirming strong borate adsorption. 
These correlations explain the experimentally observed low 
activation energy (19.91 kJ mol−1) and high hydrogen gen-
eration rate (8868.4 mL H2 min−1 gcat

−1), providing a clear 
structure–property relationship that underpins the superior 
efficiency of P(Q-DMA). These findings suggest that tuning 
surface charge alongside morphological design could be a 
promising strategy for the development of next-generation, 
metal-free polymeric catalysts for H2 production.

3.2.9  Electrochemical Results

The electrocatalytic activity of P(Q-DMA) for NaBH4 elec-
trooxidation was determined by CV measurements taken at 
50 mV/s scan rate in the range of −0.8–0.8 V. The CV curves 
of the measurements carried out in two different solutions, 
1 M NaOH and 1 M NaOH + 0.1 M NaBH4, are compared 
in Fig. 16a. When the CV curves were examined, it was seen 
that no distinct peak belonging to sodium borohydride oxi-
dation was obtained in the forward scan region. Therefore, 
the electrocatalytic activity of the polymer was evaluated 
over the total current and the specific activity was obtained 
as 0.72 mA cm−2.

CA electrochemical measurements for the stability of 
the polymer in sodium borohydride electrooxidation were 
applied at different voltage values such as 0.0; 0.2; 0.4; 
0.6; 0.8 V for 1000  s. According to the CA curves given 
in Fig. 16b, initially a rapid decrease occurred due to the 
poisoning of the electrode surface, then the current value 
remained constant. The longest period of stability was 
achieved at 0.8 V. EIS measurements, which determined the 
resistance of the polymer to sodium borohydride electro-
oxidation, were evaluated with Nyquist curves in Fig. 16c. 
Nyquist curves give information about the charge transfer 
resistance and have a semicircular shape. Since the charge 
transfer resistance decreases as the diameter of the semi-
circle decreases, the lowest charge transfer resistance was 
achieved for the polymer at 0.8 V.

rich in hydroxyl and amine groups that will make strong 
hydrogen bonds. It is thought that these catalysts may have 
shown better catalytic performance due to this effect. On 
the other hand, it was seen that F2 had the same catalytic 
effect as P(Q-DMA) in terms of both HGR values (441.9, 
and 8839 mL H2 min−1) [44]. Moreover, the HGR values 
obtained with AAPC-WBTL and AAPC-WGTL (7676, and 
9084.75 mL H2 min−1, respectively) [47] were quite close 
to P(Q-DMA) and therefore their catalytic effects seemed 
to be close to each other. However, when in terms of HGR, 
the rates of AAPC-WBTL and AAPC-WGTL being 76.76, 
and 90.85  mL H2 min−1, respectively, revealed that these 
two catalysts had considerably lower performance in hydro-
gen production compared to P(Q-DMA). In fact, when in 
terms of HGR values, it was clearly seen that P(Q-DMA) 
had considerably higher catalytic performance as a catalyst 
in hydrogen production compared to the literature.

On the other hand, when Table 1 is examined in terms of 
Ea values, it was found that three catalysts [9, 25, 39] had 
lower Ea values than P(Q-DMA). However, their HGR val-
ues were lower than those obtained with P(Q-DMA). Based 
on these comparisons, it is concluded that P(Q-DMA) was a 
better catalyst. Furthermore, incorporating different groups 
capable of forming hydrogen bonds into the structure of 
P(Q-DMA) could lead to much higher catalytic perfor-
mance. In light of these comparisons and evaluations, it was 
seen that P(Q-DMA) offers significant insights into hydro-
gen production via methanolysis of NaBH4.

3.2.8  Correlation of Zeta Potential with Morphology and 
Textural Properties

To better understand the effect of surface charge on cata-
lytic performance, zeta potential measurements were car-
ried out before and after NaBH4 methanolysis (Table  2). 
These measurements not only reveal the dynamic surface 
modifications of the catalyst but also provide a link between 
its structural properties and catalytic efficiency. Before the 
reaction, the catalyst exhibited a positive zeta potential 
of + 13.1 mV, attributed to the presence of quaternary ammo-
nium groups. After the reaction, a pronounced decrease was 
observed, with values of − 12.2 mV for unwashed samples 
and − 8.43 mV for washed samples. This shift indicates the 
adsorption of borate species such as tetramethoxyborate 
([B(OCH3)4]−) onto the polymer surface, leading to a rever-
sal of surface charge and confirming dynamic surface modi-
fication during catalysis.

The correlation between morphology, textural properties, 
and zeta potential further supports this observation. SEM 
images revealed irregular nano- to microscale particle mor-
phologies, enhancing surface accessibility. BET analysis 
showed that the catalyst possessed a relatively high surface 
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Notably, the surface charge shifted from + 13.1 mV before 
reaction to − 12.2 mV (unwashed) and − 8.43 mV (washed) 
after reaction, confirming borate adsorption and dynamic 
surface modification. Compared to previously reported sys-
tems such as TD/GD particles and lignin-based catalysts, 
P(Q-DMA) provides an environmentally safer alternative, 
balancing catalytic efficiency with structural simplicity. 
Although some metal-containing catalysts exhibit slightly 
lower activation energies, the biodegradable and metal-free 
nature of P(Q-DMA) directly addresses concerns related 
to toxicity, resource scarcity, and environmental impact. 
Looking ahead, future studies should focus on tailoring the 
polymer structure to further enhance catalytic efficiency, 
scaling up synthesis for industrial hydrogen production, and 
integrating waste-heat recovery with life-cycle assessments 
to maximize sustainability. Coupling P(Q-DMA)-based sys-
tems with renewable energy sources such as photovoltaics 

4  Conclusion

The experimental results confirmed that the synthesized 
zwitterionic polymer, P(Q-DMA), exhibits superior cata-
lytic performance in NaBH4 methanolysis compared to con-
ventional catalysts. It achieved a high hydrogen generation 
rate (443.4 mL H2 min−1 and 8868.4 mL H2 min−1 gcat

−1) 
under mild conditions, along with a low activation energy 
(19.91 kJ mol−1). These findings demonstrate the catalyst’s 
ability to facilitate hydrogen release efficiently while reduc-
ing energy demand, in line with green chemistry principles. 
This work represents the first demonstration of P(Q-DMA) 
as a metal-free catalyst, enabled by its unique zwitterionic 
architecture that promotes synergistic ion–ion, ion–dipole, 
and hydrogen-bonding interactions. These interactions 
were validated by both DFT calculations and experimen-
tal observations, including zeta potential measurements. 

Fig. 16  Electrochemical results of P(Q-DMA) polymer (a) CV results at 50 mV s−1 scan rate, (b) CA results of the polymer at different voltages 
and (c) Nyquist plots at different voltages. (Experimental conditions: 0.1 M NaBH4 in 0.5 M NaOH, scan rate 50 mV s−1, potential range 0–1.0 V)
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and wind power could accelerate progress toward circular 
economy and net-zero-emission goals. By bridging experi-
mental validation with theoretical modeling, this work 
establishes a solid foundation for the development of robust, 
eco-friendly, and scalable polymer-based catalysts to meet 
the growing demand for clean hydrogen energy.
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