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A B S T R A C T   

Over the last decade, cryogels have proven to be effective catalytic supports in various hybrid systems for the 
conversion of 4-nitrophenol (4-NP) to 4-aminophenol (4-NP). A critical determinant influencing the conversion 
of nitroaromatic compounds in the presence of sodium borohydride is the solution pH as suggested from 
Grzeschik’s model. This study aims to investigate the catalytic mechanism and the role of pH in reactions 
mediated by hybrid catalysts. In particular, polymeric cryogels with different acid/base properties were prepared 
and used as supports for the in-situ preparation of Au and Pd nanocatalysts. Notably, catalytic tests showed the 
significant influence of the polymeric support’s acidity on 4-NP reduction, with poly(acrylic acid)-based catalysts 
emerging as the most effective systems. To further probe the reaction mechanism, a series of catalytic tests were 
carried out, and the results demonstrated the effect of pH on the reaction process, allowing to propose a novel 
mechanism based on an extension of Grzeschik’s model. Moreover, data emphasized the pivotal role of the 
polymer in the catalytic mechanism, showcasing its capacity to tune catalytic activity by altering the acid/base 
properties of the matrix substrates.   

1. Introduction 

Several research endeavours have been directed towards the devel-
opment of more efficient methodologies for fabricating metal nano-
particles characterized by controlled shapes, sizes, low polydispersity, 
high purity, and robust stability in designated dispersion media. The 
research has particularly focused on achieving the synthesis of mono-
dispersed nanoparticles by the utilization of polymers due to an 
enhanced comprehension of the underlying stabilization processes. The 
outcomes have emphasized a compelling correlation between the 
resultant materials’ properties—such as stability and surface chemis-
try—and the specific attributes of the employed polymers [1–7]. 
Moreover, coating metal nanoparticles with polymeric ligands signifi-
cantly influences their interactions with catalyzed substances, impacting 
catalytic performance in terms of activity, stability, and product yield. 

The crucial role of protective ligands covering the nanoparticles is 
evident, affecting reactant accessibility and acting as a dynamic shell 
that modulates both activity and selectivity [8–13]. In this view, it is 
imperative to meticulously document and analyze how the character-
istics of the polymer ligand, encompassing factors such as molecular 
weight and functional groups, can exert a direct influence not only on 
the topological features of nanomaterials but also on the related cata-
lytic activity of metal-polymer systems. The same properties can be 
translated into preparing hybrid nano-catalysts, where an active phase is 
closely in contact with polymeric counterparts, enhancing the effects 
associated with the polymeric matrix. Furthermore, the use of supported 
colloidal nanocatalysts on gel-like architectures (e.g., hydrogels, xero-
gels, or cryogels) represents a suitable strategy to produce a novel class 
of materials where the chemical flexibility of the organic phase can be 
combined with their thermo-mechanical properties and the potential for 
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recovery, aligning with the principles of environmental sustainability 
[14–16]. An example was represented in the Gu et al. work where they 
reported a Pd-loaded porphyrin-based porous organic polymer con-
taining bifunctional catalytic sites, which was used to catalyse the tan-
dem C–H arylation and Suzuki coupling reactions [17]. Kudaibergenov 
described catalytic reactors based on metal nanoparticles (Au and Pd) 
immobilized within the pores of nano-, micro-, and macro-sized acryl-
ic-based polymeric gels and in the surface or hollow of polymeric 
membranes [18,19]. Xiang and collaborators have developed adsorbent 
resorcinol-formaldehyde-thiourea (RFT) resin to recover Au(III) and, at 
the same time, reduce it in metal form with possible applications in 
catalytic fields [20]. The employment of these type of polymeric net-
works are strictly related to their porosity that represented a crucial 
parameter for catalytic applications. 

Among them, polymeric macroporous network obtained via cry-
ogelation methods are becoming very attractive for environmental and 
energy application [21–24]. Due to the appealing use of cryogels as 
catalytic supports, in the last decade several hybrid systems have been 
successfully tested to convert 4-NP to the aminophenol in batch or in 
continuous flow set-up [15,25,26]. While the catalytic mechanism of 
this reaction remains under investigation, a critical parameter influ-
encing the conversion of nitroaromatic compounds in the presence of 
sodium borohydride mediated by nanostructured catalysts is the solu-
tion pH [27–31]. In this regard, Grzeschik and colleagues conducted a 
computational study combined with an experimental kinetic approach 
[32]. They demonstrated how the dissociation of NaBH4 is influenced by 
the pH value of the solution and therefore its effect in 4-NP reduction in 
the presence of colloidal metal nanoparticles. Building upon Grzeschik’s 
model, this study primarily aims to conduct a systematic investigation, 
extending the proposed mechanism to hybrid catalysts through the 
preparation of polymeric cryogels with varying acidity. These cryogels 
serve as supports in the preparation of Au and Pd nanocatalysts. The 
materials synthesized were subsequently tested in the hydrogenation of 
4-nitrophenol. The intention herein, is to explore the reaction mecha-
nism and the contribution of the polymeric phase in catalysis demon-
strating how a specific catalyst design, considering the impact of the 
polymeric counterpart, represents a viable strategy for selectively tuning 
catalytic activity. 

2. Experimental part 

2.1. Materials 

Tetrachloroauric acid trihydrate (HAuCl4⋅3H2O), potassium hexa-
chloropalladate (K2PdCl6), sodium borohydride (NaBH4), 4-nitrophenol 
(4NP), 2-hydroxyethyl methacrylate (HEMA), methacrylic acid (MAA), 
N,N,N′,N′-tetramethylethylenediamine (TMEDA), ammonium persulfate 
(APS), N,N′-methylenebis(acrylamide) (MBAA) are commercially avail-
able chemicals and were used without further purification process, 
except AEMA. 

2-aminoethyl methacrylate (AEMA) was purified by extraction with 
ethyl acetate, to remove the polymerization inhibitor (phenothiazine) 
since imparted a blue colour to the final material. The solvents were 
used without further purification processes. 

2.2. Cryogels preparation 

Three different acrylic-based polymeric cryogels were synthesized by 
solution radical cryo-copolymerization using APS-TMEDA as an initiator 
system and MBAA as a water-soluble crosslinker. All cryogels were 
synthesized using a 10 % w/w monomer and crosslinker aqueous solu-
tion with a monomer/MBAA molar ratio of 6:1 and an amount of APS- 
TMEDA of 1 % w/w for the preparation of p-HEMA and p-AEMA, 
while for the synthesis of p-MAA cryogels is 2 % w/w. The percentages 
used were referred to the amount of monomer employed for each 
synthesis. 

In the case of p-MAA and p-AEMA, before the addition of APS and 
TMEDA, the solution containing the monomers was neutralized with 
NaOH 0.1 M. 

The polymerization mixtures were stirred for about 1 min and then 
transferred into two pre-cooled plastic syringes at 0 ◦C. The syringes 
were placed in a cryostat at − 15 ◦C for about 24 h. At the end of the 
cryopolymerization, samples were thawed at room temperature and 
washed several times with a mixture of H2O/EtOH/diethyl ether, 
increasing progressively the concentration of the less volatile solvent. 
The purified cryogels were dried first under a nitrogen flow, then with a 
vacuum pump, and finally in a vacuum oven [33,34]. The polymeriza-
tion yields were in the range from 80 to 90 %. 

2.3. Preparation of hybrid nanomaterials 

The deposition of gold and palladium nanoparticles in polymeric 
cryogels was performed by wet-impregnation approach. A defined 
amount of dry cryogel was put in contact with a water solution of the 
metal precursor (HAuCl4 or K2PdCl6) to have a metal loading of 1 % w/ 
w. During the impregnation phase, polymer swelling was observed, 
allowing the complete absorption of the metal solution. Subsequently, a 
freshly prepared NaBH4 solution with a molar ratio of 5:1 compared to 
the metal was added to reduce the metal cations absorbed into the 
polymer matrix. Adding the reducing agent, a rapid colour change was 
observed: from white to red or grey, related to gold and palladium 
nanoparticles formation respectively. The obtained hybrid nano-
materials were washed following the same procedure employed for the 
bare cryogel purification to favour the solubilization of the by-products 
deriving from the impregnation phase (e.g. borides and chlorides). The 
samples were labelled as “name of polymer_metal”(e.g., p-MAA_Au). 

2.4. Characterization 

The bare and hybrid cryogels were characterized by several spec-
troscopic, thermal and microscopic analyses. All samples were charac-
terized by Fourier Transform Infrared Spectroscopy (FT-IR), acquiring 
the spectra through an ATR-IR Bruker Alpha I spectrometer. The mac-
roporous morphology of the polymeric cryogel pre- and post- 
impregnation, as well as porous size distribution, were investigated by 
Scanning Electron Microscopy (SEM) Zeiss Supra 25 field emission mi-
croscope equipped with an EDX probe. Data were acquired and pro-
cessed using Phenom Porometric 1.1.2.0 software (Phenom-World BV, 
Eindhoven, Netherlands). The thermal stability of cryogels was studied 
by thermogravimetric analysis (TGA) using a TA Instruments Q500 
apparatus. The analyses were conducted in a nitrogen atmosphere (flow 
rate 60 mL/min) with a heating ramp of 10 ◦C/min, from 25 ◦C to 
800 ◦C. To verify the complete absorption of the active phase, the su-
pernatant solution not absorbed in the impregnation step was analyzed 
by microwave plasma atomic emission spectroscopy (MP-AES) using an 
Agilent 4210 MP-AES Atomic Emission Spectrometer. The presence of 
zero-valent metal nanoparticles was verified using PHI Versa Probe II X- 
ray photoelectron spectrometer (XPS) using a monochromatic Al Kα 
radiation (52.8 W, 15 kV, 1486.6 eV) and a dual beam charge neutral-
izer. The X-ray photoelectron spectra obtained were analyzed using PHI 
SmartSoft software and processed using the MultiPak 9.6.0.15 package. 
The surface charge of polymeric cryogels was measured by zeta potential 
analysis as a function of pH using a Malvern Panalytical (Malvern, 
United Kingdom) Zetasizer Nano ZS instrument. The titrations were 
carried out with an Ag/AgCl glass electrode. The instrument was cali-
brated by two buffer solutions: potassium phosphate (pH = 7) and po-
tassium hydrogen phthalate (pH = 4). The catalytic tests in function of 
the pH were conducted using a XS model PC 8+ DHS pHmeter equipped 
with a thermocouple. The measures were carried out with a glass elec-
trode Amel 211/SGG/12 with a pH accuracy of 0.01 calibrated with 
standard solutions at specific pH values (4.01 and 7). Transmission 
electron microscopy (TEM) images were obtained by FEI Tecnai G2 
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Spirit TWIN 120 kV TEM operating at a 120 kV acceleration voltage and 
the images were processed by using the ImageJ to determine average 
particle size and particle size distribution. 

Swelling tests were performed on dried bare cryogels. After water 
uptake and removal of its surplus from the surface, mass measurements 
were carried out. The total uptake for all samples was determined by 
calculating the increase of cumulative mass at fixed time intervals. The 
equilibrium swelling degree was measured by weighting the wet sample 
immersed in water for 30 min. Conversely, the adsorption kinetic was 
estimated after keeping the samples in contact with a slight excess of 
water for selected times, followed by quick removal of the excess of 
unabsorbed water. 

The adsorbed water was evaluated by weighting the sample in the 
function of time and normalizing all data. The equilibrium swelling 
degree can be calculated using the following formula: 

Swelling degree % :
(mw − md)

md
• 100  

where mw is the weight of the wet cryogel, and md is the weight of the 
dry cryogel. 

2.5. Catalytic test 

Before initiating the catalytic tests, the hybrid nanocatalysts were 
milled to achieve a finely homogeneous powder with a diameter ranging 
between 0.2 and 0.4 mm. Initially, the samples were subjected to contact 
with a liquid nitrogen bath and then ground in a mortar to facilitate 
milling. The resulting powder underwent sieving, and the fraction with a 
diameter of 0.3 mm was recovered. 

2.5.1. Nitrophenol calibration 
UV–visible spectroscopic analyses were performed in a 1 cm path 

length cuvette using an in-situ Agilent Cary 3500 UV–Vis Spectrometer. 
The extinction coefficient was determined by using five solutions of 
different 4-NP concentrations (1.5⋅10− 4 M, 1.0⋅10− 4 M, 5.0⋅10− 5 M, 
2.5⋅10− 5 M, 1.0⋅10− 5 M), and 4.5⋅10− 3 M in NaBH4. The calibration 
curve was plotted, giving an extinction coefficient of 18,400 M− 1cm− 1, 
close to the literature value of 18,000 M− 1cm− 1 [35,36], for each so-
lution measurements were triplicated obtaining the average ε. 

2.5.2. Catalytic reduction of 4-nitrophenol 
A fresh aqueous 4-nitrophenol concentrated solution (0.01 M) was 

prepared by dissolving 0.1391 g of 4-nitrophenol in distilled water in a 
100 mL volumetric flask. For each test, 500 μL of a fresh solution 
(2.0⋅10− 4 M) was withdrawn from the initial 4-NP concentrated solution 
and diluted in a 25 mL volumetric flask. Then, the reducing agent dis-
solved in distilled water (25 mL of a 9.0•10− 3 M of NaBH4), and the 4-NP 
solution was mixed in a beaker. Subsequently 2.5 mL of this solution 
containing the analyte and the reducing agent was transferred in a 
cuvette, kept under stirring, containing 0.4 mg of catalyst. The cuvette 
was inserted into the instrument equipped with integrated stirring and 
temperature control. An acquisition every 30 s was programmed to 
evaluate the decrease in the concentration of 4-nitrophenol as a function 
of time. The analysis was conducted, setting the temperature at 25 ◦C 
with stirring at 500 rpm to guarantee the homogenization of the cata-
lysts in the solution. The catalytic tests were performed three times for 
each fresh material following the same procedure. 

The experiments involving changes in the solution pHs were con-
ducted using a round-bottom flask equipped with a glass electrode 
immersed in the solution to monitor pH over time. Fresh solutions of 4- 
NP and NaBH4 were diluted with distilled water and adjusted using two 
solutions of 0.1 M NaOH and 0.1 M HCl to achieve the desired pH value 
for the reactions. The catalyst amount and reagent concentrations 
remained consistent with the previously reported values. The solution 
was stirred at 500 rpm and maintained at a controlled temperature of 

25 ◦C to replicate standard reaction conditions. Every 30 s, a 200 μL 
aliquot of the solution was withdrawn, diluted with 2.5 mL of distilled 
water in a quartz cuvette, and analyzed using a UV–visible spectrometer 
to record absorption spectra. In acidic conditions, the nitrophenolate 
anion was not formed, resulting in the absence of a strong absorption 
peak. Therefore, the withdrawn aliquot was diluted with 2.5 mL of 0.01 
M NaOH to facilitate the formation of chromophoric species. 

3. Results and discussion 

The Grzeschik’s model suggests an improvement of 4-NP reduction 
when conducted in acid conditions due to the increase of sodium 
borohydride hydrolysis rate. Importantly, in this work, we demonstrate 
an extension of this model for the hybrid catalysts where the medium’s 
acidity is induced from charge surface modification of the polymeric 
phase during the reaction. To this purpose, polymeric cryogels with 
different acidity were prepared as support to obtain catalytically active 
hybrid systems based on gold and palladium nanoparticles. The as- 
prepared catalysts were tested in the 4-nitrophenol reduction, and the 
effect of charge surface and solution pH was deeply investigated to 
elucidate the reaction mechanism involved. 

3.1. Cryogels characterization 

Bare polymeric cryogels were synthesized via the free-radical cryo- 
copolymerization method in water at temperatures below its freezing 
point (Fig. 1). The shaped and interconnected pore structure, due to the 
porogen role of the ice crystals, was formed during the freezing phase. 
The thawing generates pores with forms and dimensions depending on 
the operational parameters used [21]. The high absorption capacity and 
the possibility to tune the morphology and chemical nature of the 
functional groups present in the polymeric structure have made these 
materials suitable supports for immobilizing metal nanoparticles to 
prepare catalytically active hybrid systems. 

The structure of synthesized cryogels has been confirmed by means 
of ATR-IR spectroscopy. The IR spectra reported in Figure S1 showed the 
presence of typical acrylic C––O stretching in the range 1750–1650 
cm− 1. In the same region, the co-presence of two different peaks has 
been observed: the first at higher wavenumber assigned to carboxylic 
stretching of acrylic monomers and the second related to the amidic 
moieties of crosslinked units. Around 1250 cm− 1, all samples present the 
C–O stretching and the absence of a typical peak attributed to the C–C 
double bond that confirms the success of the polymerization step. 
Furthermore, the peaks at 3500 cm− 1 for the p-AEMA can be attributed 
to the N–H stretching (primary amine), and the broad peak at 3300 cm− 1 

is assigned to the O–H stretching of p-HEMA (alcohol group) and p-MAA 
(acid group). 

To investigate the thermal stability of the synthesized cryogels, 
thermogravimetric analyses were carried out (Fig. 2). The thermograms 
were recorded under a nitrogen atmosphere in the 25–800 ◦C temper-
ature range to evaluate the degradation profile. All samples showed a 
weight loss at temperatures around 100 ◦C due to the evaporation of 
residual water and organic solvent blocked into the polymeric network. 
In agreement with the literature, the thermal profile of p-MAA showed 
three degradation steps: the first around 240 ◦C derived from the 
decarboxylation of the carbonyl groups; the second main step around 
430 ◦C and a third signal (after 650 ◦C) related to the thermal decom-
position of the polymeric backbone [37]. The p-AEMA sample displayed 
three distinct degradation stages at temperatures of 260, 320, and 
450 ◦C, respectively. At lower temperatures, the cleavage of ester link-
ages resulted in the generation of tertiary amines and alcohols released 
as gases, and simultaneously, anhydride-type structures were formed in 
the residual mass. As the temperature increased, a series of unzipping 
reactions occurred along the polymeric chain, contributing to the overall 
degradation process [38,39]. Instead, p-HEMA cryogel exhibits the 
absence of well-defined degradation steps, attributed to the concurrent 
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occurrence of dehydration, chain scission, and depolymerization re-
actions with a main weight loss in the range of 350–450 ◦C [40,41]. The 
main degradation temperature and the related residues for each sample 
were reported in Table 1. 

The morphology of the cryogels was investigated by Scanning Elec-
tron Microscopy (SEM); the images reported in Fig. 3 highlighted an 
interconnected polymeric network for each sample. The prepared bare 
cryogels showed a peculiar open-pore structure derived from the prep-
aration method and a homogeneous macroporosity. Despite the chem-
ical nature of the cryogel represented a limit to evaluate the porosity of 
the system with classical methods such as BET or high-pressure mercury 
porosimetric analysis [42], to have a relative estimation of average pore 
area ratio, circular equivalent diameter of the porous as well as the 
porous diameter distribution Phenom Porometric 1.1.2.0 software was 
employed (Figure S2, Table 1). The porosity values highlighted the 
absence of significant differences for each sample, confirming the 

preparation method’s validity. As expected, the swelling test results 
reported in Figure S3 (Table S1) showed high values of swelling for all 
samples due to the combination of cryogel microporosity structure with 
the strong hydrophilicity of the functional groups present in the polymer 
network. 

3.2. Preparation and characterization of hybrid metal-polymer 
nanocatalysts 

Polymeric cryogels synthesized in this study were used as platforms 
for depositing Au and Pd metal nanoparticles through an in-situ 
approach. The method involved initial impregnation of the polymeric 
matrix with metal precursors (HAuCl4 or K2PdCl6) through wet- 
impregnation, followed by reduction using a fresh solution of NaBH4. 
The nominal metal loading on the polymer was approximately 1 wt%, 
and the complete deposition was verified by MP-AES spectroscopy, with 

Fig. 1. Schematic representation of cryo-polymerization reaction.  

Fig. 2. Thermogravimetric analysis (TGA) of bare cryogels: (A) p-MAA,(B) p-AEMA, (C) p-HEMA.  

Table 1 
Average pore area ratio and circular equivalent diameter of the porous for the bare cryogels.  

Sample Td (◦C)a Residue (%) Average Pore Area Ratio (%) The Circular Equivalent Diameter of the Porous (μm) 

p-MAA 420 7.5 51 29 
p-AEMA 430 0.9 44 25 
p-HEMA 440 1.8 47 25  

a Evaluated by the curve derivate. 
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a negligible amount of unabsorbed metal in the solution. Cryogel 
swelling enhanced the impregnation process, leading to better absorp-
tion and distribution of the nanoparticles on the polymer sponge. 
Additionally, a shift in colour was noted in the hybrid materials 
following the reduction process, indicating the formation of nano-
particles within the polymeric matrix [43,44]. Specifically, in the case of 
gold nanoparticles, this phenomenon can serve as a reliable indicator of 
the nanoparticles’ real size. Within the prepared gold-based system, the 
presence of a red coloration suggests a nanoparticle diameter ranging 
between 3 and 5 nm [45]. Characterization of the as-prepared materials 
involved investigating the metal species’ nature, morphology, and 
thermal properties. 

Infrared spectroscopy after impregnation and reduction displayed 
minor changes, validating the preparation method, and no distinctive 
peaks from metallic species were observed due to the low metal loading. 
Combining ATR-IR spectroscopy results with SEM images demonstrated 
that the impregnation and chemical reduction processes did not alter the 
cryogel’s morphology (Figures S4-5). 

To evaluate surface exposure and the oxidation state of the metal for 
the species deposited onto polymeric cryogel, XPS analysis was carried 
out (Table 2). The XPS spectra related to Au and Pd for each support 
employed are reported in Fig. 4 a-b. Regarding gold-based materials, the 
XPS spectra showed the presence of Au nanoparticles in the metallic 
state (Au0). The peaks are composed of spin-orbit doublets (Au 4f7/2, and 
Au 4f5/2). They have characteristic binding energy peaks at 83.8 and 
87.5 eV for Au 4f7/2 and 4f5/2 electrons, respectively, characteristic of 
the presence of Au0 [45,46]. 

The sample pAEMA_Au showed a significant shift towards lower 
binding energy due to the presence of amino groups characterized by an 
electron-donor nature that can modify the surface charge of gold 
nanoparticles forming Auδ− species (83.3 eV) [47,48]. The deconvolu-
tion analysis carried out on XPS spectra exhibited the presence of Au0 for 
each sample, and for the sample pAEMA_Au, the co-presence of Au0 and 
Auδ− . 

In the case of Pd-based hybrid nanomaterials, peaks at 335.3 and 
337.1 eV related to Pd 3d5/2 and Pd 3d3/2 were observed [49,50]. 

Despite the broad signals suggesting the co-presence of Pd+2 and Pd0 

species, the deconvoluted spectra highlighted both species only in the 
case of pHEMA_Pd sample (68 % Pd(II) and 32 % Pd(0)). The presence of 
PdO could be derived from several factors such as the microenvironment 
around the metal nanoparticles and/or the presence of moisture in the 
samples that can promote the surface passivation of the nanoparticles 
[51,52]. Moreover, the amount of metal on the polymer surface is under 
the nominal amount of metal loaded on the support. This result can be 
attributed either to the topology of the metal nanoparticles inside the 
polymer network, where they are placed around and/or inside the pores 
of the cryogel and therefore hidden during the XPS analysis, justifying 
the results obtained or the presence of large Pd nanoparticles. 

3.3. Catalytic tests 

After being ground, the as-prepared materials underwent testing in a 
batch reactor setup using the reduction of 4-nitrophenol to assess their 
catalytic performances and investigate the reaction mechanism. Before 
starting with the catalytic tests of the hybrid materials, a preliminary 
analysis was conducted to explore each bare cryogel’s adsorption 
capability for 4-nitrophenol. Despite the slight adsorption observed 
(Figure S6), particularly for the pAEMA sample, the values obtained 
were negligible compared to the catalytic results achieved in a signifi-
cantly shorter reaction time (4.5 min). The kinetic data, including the 
apparent kinetic constant (kapp) and percentage conversion, are pre-
sented in Table 3. The comparison of results takes into account the type 
of polymeric support used and the nature of the metal (Figures S7-8). 

The catalytic activity observed in the p-MAA samples characterized 
by the presence of acid moieties demonstrated the most effective 
structural properties, as indicated by a higher apparent kinetic constant. 
This finding aligns with Grzeschik’s model, where the reduction of 4- 
nitrophenol strongly depends on the dissociation of NaBH4. Specif-
ically, in acidic solutions, the hydrolysis rate of borohydride ions in-
creases, leading to an elevated production of hydrogen capable of 
entering the catalytic cycle and consequently enhancing catalytic ac-
tivity (Fig. 5). In our case, the bulk polymeric materials could contribute 
to the reaction by a pH change inducing a variation of their surface net 
charge, depending on the dissociation of functional groups on the 
polymer sponges. 

Despite several issues related to TEM analysis on superabsorbent 
hydrophilic cryogels, the sample, which has exhibited the best catalytic 
performance (p-MAA_Pd), was further characterized by TEM microscopy 
to evaluate the size of nanoparticles and their topology (Fig. 6) [53,54]. 
The images highlighted the presence of spherical nanoparticles with 
dimensions of 2.3 ± 0.6 nm. In addition, a good dispersion of active 
phase can be observed confirming the validity of the preparation 
method. 

To further investigate this behaviour related to the correlation be-
tween pH and catalytic activity, Electrodynamic Light Scattering (ELS) 
titration measurements as a function of pH were carried out to evaluate 

Fig. 3. SEM images of bare cryogels: (A) p-HEMA, (B) p-MAA, (C) p-AEMA.  

Table 2 
XPS values (BE, metal surface percentage and Metal/C surface atomic ratio) for 
each hybrid material.  

Sample BE 
(eV)a 

% Metal on 
Surface 

Surface Atomic 
Ratio M/C 

Oxidation state 
(%) 

pHEMA_Au 84.0 0.2 0.003 Au(0)100 
pHEMA_Pd 335.0 0.2 0.003 Pd(0) 68 

Pd(II) 32 
pMAA_Au 84.0 0.4 0.005 Au(0)100 
pMAA_Pd 335.1 0.3 0.004 Pd(0) 100 
pAEMA_Au 83.3 0.1 0.0003 Au(0)/Au− δ 

100 
pAEMA_Pd 335.1 0.5 0.008 Pd(0) 100  

a Au 4f7/2 or Pd 3f5/2 signals. 
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the surface charge at the reaction pH and therefore to measure the 
surface charge of the organic phase (Fig. 7), [55,56]. Before the analysis, 
the pH reached during the reaction was measured, and the value 
detected was 8.4. By analysing the bare cryogels in the pH range of 5–9, 
it’s possible to observe different behaviour for each matrix. The p-HEMA 
characterized from hydroxyl groups exhibited a low zeta potential in the 
range studied with an isoelectric point (IEP) at pH = 6.6, confirming the 
absence of surface ionic forms. Instead, p-AEMA (bearing amino groups) 
highlighted an IEP at pH = 8.3 with a low positive charge until IEP value 

reasonably derived from amine protonation in the acid media. Finally, 
the p-MAA showed a significant surface charge after the IEP (pH = 5.7) 
and the negative zeta potential at the reaction pH can be ascribed to the 
presence of deprotonated form of the acrylic acid. In this contest, we can 
assume that the protons derived from acid dissociation are present in the 
microenvironment where the metal nanoparticles are located and 
therefore change the microenvironment pH towards an acid field. 

To confirm the results, measurements in the pH range of 6–9 as a 
function of time was carried out by taking in contact 4 mg of bare cry-
ogels with 50 mL of water and measuring the pH values every 5 min. The 
experiment was conducted to observe the possible alteration of the pH 
environment derived from the dissociation of functional groups on the 
polymer surface. 

The results presented in the Supplementary Information (Figure S9) 
for each cryogel highlight that the pH values changed during the ex-
periments within the pH range of 6–9. This variation is attributed to the 
contribution of functional groups on the polymeric matrix, influencing 
the solution’s pH. With a reaction time of 4.5 min, the system that 
exhibited the most significant effect within the defined time was the p- 
MAA cryogel, where a noticeable shift from 7.8 to 6.6 in pH value was 
observed in the measurements conducted at pH 8. In agreement with the 
ELS analysis, this behaviour demonstrates that during the reaction the 
contribution of the polymer matrix affects and alters the acidity of the 
microenvironment around the nanoparticles. Based on the scheme re-
ported in Fig. 5, an increase in solution acidity can lead to an increase in 
sodium borohydride hydrolysis rate. 

To verify this hypothesis, qualitative tests were carried out for the 
sodium borohydride decomposition in water by measuring the hydrogen 
bubble evolution reported in the following reaction scheme. The sodium 
borohydride decomposition in water was evaluated at different pHs, and 
results are reported in Figure S10. The experiment was conducted by 
solubilizing the same amount of NaBH4 used in the reaction (8.5 mg) in 
25 mL of deionized water at specific pH values. 

The trend illustrated in Figure S10 highlighted an increase of hy-
drolysis rate while the sodium borohydride was dissolved in acid media. 
On the other hand, as reported in literature, at higher pH the NaBH4 
hydrolysis and therefore hydrogen formation, is slower [57,58]. To 
further confirm the reaction mechanism and demonstrate the applica-
tion of Grzeschik’s model also for such hybrid catalysts, catalytic tests 
using the best sample (p-MAA_Pd) were carried out conducting the 4-NP 
reduction at different pH values. The kinetic curves and the related 
values were illustrated and reported in Fig. 8A–S11 and Table 4, 
respectively. 

Plotting the apparent kinetic constants (kapp), calculated from the 

Fig. 4. XPS spectra for the Au-based (a) and Pd-based (b) hybrid materials.  

Table 3 
XPS data, kapp (min− 1), and X% of the Au- and Pd-based hybrid nano-catalysts 
for 4-nitrophenol reduction carried out using 25 mL of 4–NP (2⋅10− 4 M), 25 
mL of NaBH4 (9⋅10− 3 M), 4 mg of hybrid catalys at 25 ◦C and 500 rpm.  

Sample kapp (min− 1)a X%a % Metal on Surface 

pHEMA_Au 0.02 ± 1.4⋅10− 3 7 ± 3 0.2 
pHEMA_Pd 0.53 ± 6.8⋅10− 2 91 ± 2 0.2 
pMAA_Au 0.30 ± 8.8⋅10− 2 75 ± 3 0.4 
pMAA_Pd 1.10 ± 6.1⋅10− 2 99 ± 1 0.3 
pAEMA_Au 0.28 ± 7.2⋅10− 2 75 ± 3 0.1 
pAEMA_Pd 0.55 ± 6.6⋅10− 2 93 ± 2 0.5 

The results reported are referred to a defined reaction time (4.5 min) to better 
compare the catalytic activity. 
Au 4f7/2 or Pd 3f5/2 signals. 

Fig. 5. Schematic reaction mechanism proposed by Grzeschik.  
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kinetic plots, as a function of the pH values reveals a decrease in cata-
lytic performance when the reaction is conducted under basic conditions 
(pH = 12). Conversely, 4-nitrophenol reduction appears to be more 
favourable at acidic pH. Furthermore, the results align with the NaBH4 
decomposition tests, showing that slower hydrolysis at basic pH corre-
sponds to a decrease in catalytic activity (Fig. 8B). The experimental 
data, combined with tests on bare cryogels to assess pH changes induced 
by the dissociation of functional groups on the surface and the Elec-
trophoretic Light Scattering (ELS) curves, suggest the applicability of 
Grzeschik’s model. 

In this study, the local induced pH was not directly modified by 

adding acid/base solutions but by the polymeric matrix, which, under 
reaction conditions, can deprotonate to form an acidic micro- 
environment around the nanoparticles, promoting NaBH4 hydrolysis 
and consequently increasing 4-nitrophenol conversion. The mechanism 
proposed in Fig. 9 can be considered an extension of the reaction 
mechanism reported by Grzeschik for cryogel-based hybrid catalysts. 

3.4. Effect of the metal on the catalytic performances 

By analyzing the catalytic results based on the nature of the metal 
active phase, the observed kapp values have highlighted a superior cat-
alytic performance for Pd-based materials compared to the activity of 
the Au-based hybrid catalysts (refer to Table 3). These results align with 
existing literature, where multiple papers have documented the 
heightened affinity of palladium species in forming stable metal- 
hydrides, consequently enhancing reaction rates during hydrogenation 
reactions (Fig. 10) [59,60]. Despite the superior catalytic activity of 
Pd-based catalysts, the data obtained for Au-based materials have 
showcased good activity compared with those from the literature 
considering the same reaction time (4.5 min) used in this work [15,61, 
62]. Furthermore, despite variations in catalytic activity arising from the 
reactivity of metal nanoparticles, both series of samples underscored the 
superior catalytic performance of acrylic acid based cryogels. A slight 
difference can be observed in gold-based materials due to the concurrent 
electronic effects arising from the amino groups present in the AEMA 
building block. This effect is evident in the XPS spectra presented in 
Fig. 3. Despite that, this observation confirms the reaction mechanism 
proposed in this work. 

3.5. Reusability tests 

To complete the investigation on p-MAA_Pd, the most active catalyst, 
a reusability study was also carried out. These tests were conducted 
following the same reaction setup described previously. The conversion 
reached after a defined reaction time of 120 s was used to compare the 
catalytic activity on the five recycling tests. Despite the conversions 
slight decreases during the cycles, the catalytic behavior observed has 
highlighted excellent performances (Fig. 11). Moreover, Microwave 
Plasma Atomic Emission Spectroscopy (MP-AES) was performed on the 
reaction solution and revealed that only traces of Pd (below 10 ppb) 
were detected in the reaction filtrate. This result indicates that no sig-
nificant leaching has occurred. One of the main reasons for decreased 
catalytic activity is the slight agglomeration of the Pd nanoparticles 
during the reaction [63,64]. 

Fig. 6. TEM image and diameter distribution of the sample p-MAA_Pd.  

Fig. 7. pH-Zeta potential titration curves for bare cryogels in the pH range 5–9.  

Table 4 
Kinetic data related to p-MAA_Pd for 4-nitrophenol reduction carried out using 
25 mL of 4–NP (2⋅10− 4 M), 25 mL of NaBH4 (9⋅10− 3 M), 4 mg of hybrid catalys at 
different reaction pH.  

pH kapp (min− 1)a X%a NaBH4 decompositon time (s) 

2 1.56 ± 8.8⋅10− 2 99 ± 2 170 ± 15 
5 1.15 ± 7.2⋅10− 2 99 ± 1 200 ± 20 
8 1.10 ± 6.1⋅10− 2 99 ± 1 240 ± 20 
12 0.29 ± 4.5⋅10− 2 37 ± 1 380 ± 20  

a The results reported are referred to a defined reaction time (4.5 min) in order 
to better compare the catalytic activity. 
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4. Conclusions 

The past decade has witnessed successful testing of various hybrid 
systems utilizing cryogels as catalytic supports for the conversion of 4- 
nitrophenol (4-NP) to 4-aminophenol (4-NP), where a pivotal factor 
influencing the conversion of nitroaromatic compounds is the presence 
of sodium borohydride. 

To this purpose, Grzeschik and colleagues addressed this aspect, 
shedding light on the influence of solution pH on the dissociation of 
NaBH4 and its consequential impact on the reduction of 4-NP. In this 
study, we have conducted a systematic investigation, extending the 
proposed mechanism to hybrid catalysts by preparing polymeric cry-
ogels characterized by different acid/base properties employed to sup-
port the in-situ preparation of Au and Pd nanocatalysts. 

The catalytic tests have highlighted the strong impact of the acidity 
nature of the polymeric support in 4-NP reduction, where the poly 
(acrylic acid)-based catalysts showed a kinetic constant of 1.1 and 0.3 
min− 1 for Pd and Au nanoparticles, respectively, emerging as the best 
sample of the related series. To further investigate the reaction mecha-
nism, a series of Electrophoretic Light Scattering and time-resolved pH 
measures were carried out to evaluate the polymeric surface behavior at 
different pH values, including the reaction pH. A remarkable proof of 

acid moieties dissociation and, therefore, negative surface charge on the 
polymer matrix, were reported herein. 

To conclude the mechanism analysis, the effect of pH on the sodium 
borohydride dissociation on the 4-NP reduction was also deeply studied. 
The outcomes have allowed us to confirm and propose a novel reaction 
mechanism involving these types of hybrid materials. The effect of 
polymeric matrix dissociation induces the formation of acid microen-
vironment around metal nanoparticles, promoting NaBH4 dissociation, 
and consequently increasing hydrogen formation and 4-NP reaction 
rate. This finding nicely confirmed and extended the reaction model 
proposed from Grzeschik. Likewise, the results emphasized the poly-
mer’s role in the catalytic mechanism. 
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Fig. 8. Pseudo–first− order kinetic plot (A) related to p-MAA_Pd for the 4–NP reduction carried out using 25 mL of 4–NP (2⋅10− 4 M), 25 mL of NaBH4 (9.0⋅10− 3 M), 4 
mg of catalyst at different pH. (B) Correlation between apparent kinetic constant (min− 1), reaction pH and NaBH4 decomposition time (s). 

Fig. 9. Proposed reaction mechanism for 4-NP reduction with NaBH4 in the presence of hybrid nano-catalysts.  
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