Open Access Article. Published on 10 July 2024. Downloaded on 3/15/2026 6:31:52 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

W) Check for updates ‘

Cite this: RSC Adv., 2024, 14, 21938

ROYAL SOCIETY
OF CHEMISTRY

(3

Highly dispersed noble metal nanoparticle
composites on biomass-derived carbon-based

carriers: synthesis, characterization, and catalytic

applicationsT

Ya-Xin Ji,1® Wei Li,{® Ya-Xi Wu,? Xue-Fei Zhou,? Lin Bao*® and Wen-Yan Zhang (& *2

Precious metal nanoparticles have been widely investigated due to their excellent activity shown in catalysis

and sensing. However, how to prepare highly dispersed noble metal nanoparticles to improve the lifetime of

catalysts and reduce the cost is still an urgent problem to be solved. In this study, a carbon-based carrier

material was prepared by an expansion method and loaded with Pd or Ag nanoparticles on this carbon

material to synthesize precious metal nanoparticle composites, which were characterized in detail. The

results show that the nanoparticles prepared using this method exhibit superior dispersion. Under the
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synergistic effect of noble metal nanoparticles and porous carbon carriers, the composites exhibited

excellent catalytic degradation of p-nitrophenol and showed excellent sensing performance in the
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1. Introduction

In recent years, the excessive use of traditional fossil energy
sources has triggered a series of environmental' and human
health problems. Among them, pollutants discharged from
industrial processes have polluted water bodies, posing a serious
threat to water ecosystems and human health. Hydrogen peroxide
adversely affects water organisms and disrupts the balance of the
ecosystem. The development of efficient and reliable sensors
capable of detecting hydrogen peroxide concentrations in water is
crucial.>® Nitroaromatic compounds are frequently present in
industrial wastewater, especially in discharges from chemical
plants and pharmaceutical industries. These compounds are
considered toxic and persistent in the environment. They pose
a significant risk to aquatic organisms and human health.** To
counter the adverse effects of these compounds, the development
of efficient catalysts capable of effectively detecting and degrading
hydrogen peroxide and nitroaromatic compounds is essential for
effective water treatment.

The noble metal nanoparticles with good biocompatibility,
electrical conductivity and catalytic properties play
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modified hydrogen peroxide sensor electrode. This approach is highly informative for the preparation of
nanocomposites in medical and environmental fields.

a particularly important role in the catalytic degradation
reduction of 4-nitrophenol®® and the electrochemical detection
of hydrogen peroxide,”™* and have a wide range of applications
in the fields of environmental science, antimicrobial materials
and biomedicine. However, in their application, precious metal
nanoparticles are prone to problems such as agglomeration
deactivation, which reduces their usability.”*** Therefore, it is
important to improve the dispersion of noble metal nano-
particles on the carrier.***

Usually, biomass sources are widely available to generate
porous carbon as a carrier. However, the catalytic and electro-
chemical activities of carbon materials are lower than those of
metal-based catalysts, which are not as stable as carbon materials,
so porous carbon materials can be combined which can provide
a substantial increase in catalytic activity"®* and stability.**

In this study, we propose a novel approach to prepare
carbon-based carrier composites and load them with precious
metal palladium or silver nanoparticles. Successfully achieved
uniform loading of Pd nanoparticles or Ag nanoparticles on p-C
by the expansion method using glucose as the carbon source in
anew and improved “black bread” experiment. This ensures the
green and environmentally friendly nature of the process in this
experiment compared to the classical “black bread” experiment.
The results showed that the Ag/p-C modified working electrode
exhibited excellent sensing performance in the hydrogen
peroxide sensor and the Pd/p-C showed better catalytic perfor-
mance in the catalytic reduction of 4-nitrophenol. In addition,
the Ag/p-C nanocomposite modified working electrode showed
excellent sensing performance when applied to the hydrogen
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peroxide sensor. This work provides a new synthesis route for
highly dispersed and synergistic catalytic and sensing noble
metal@porous carbon composite materials. It offers a new
approach for the recognition and catalytic degradation of
hydrogen peroxide and nitroaromatic compounds.

2. Experimental
2.1 Materials and general methods

Silver nitrate (=99.8%) was purchased from Shanghai BiDe
Pharmaceutical Technology Co. Glucose (C¢H;,06, 90%), 4-
nitrophenol (99%), sodium borohydride (NaBH,, 90%), and
sodium hydroxide (NaOH, 99%) were obtained from Komeo
Chemical Reagent Co. Hydrogen peroxide (H,O,, 99%) and
phosphate buffer solution (PBS) were purchased from Oberkai.
All reagents were analytical grade and used without further
purification.

The micro-morphology and chemical structure of the
composite were examined using a scanning electron micro-
scope (SEM, SU8010, Japan) and transmission electron
microscopy (TEM, JEM-2100F, JEOL). XRD patterns were
collected on a Bruker D8 instrument. Chemical element
composition distribution was analyzed using photoelectron
spectroscopy (PHI5000 Versa Probe III XPS, Germany) and
energy dispersive spectroscopy (EDS). The crystal was deter-
mined by X-ray diffraction (XRD, Bruker D8 ADVANCE,
Germany).

The electrochemical performance was tested on a CHI760
electrochemical workstation (Shanghai CH Instrument Co., Ltd,
China) with a traditional three-electrode system in PBS (pH 7.0),
with glassy carbon electrodes (GCEs, 3 mm in diameter) used as
working electrodes, saturated calomel electrode used as
a reference electrode and platinum used as an auxiliary elec-
trode. All electrochemical experiments were performed at room
temperature (25 + 2 °C).

2.2 Synthesis of Pd/p-C and Ag/p-C nanocomposites

20 g of glucose and 0.03 g of PdCI, were added into 20 mL of
concentrated H,SO, for reaction with constant stirring of the
glass rod to obtain the carbonized precursor material. Added
a portion of carbonized material to NaOH solution and stirred
vigorously. After 12 hours of settling, wash the mixture with
deionized water and dry it for 12 hours at 80 °C. This was fol-
lowed by heating to 800 °C within a N, environment at a rate of
5°C min ' and then annealing for 3 hours to produce Pd/p-C
nanocomposite material.

The preparation method of Ag/p-C nanocomposites is
similar to that of Pd/p-C nanocomposites, with the exception
that palladium chloride is substituted with silver nitrate, and
the calcination temperature was changed to 500 °C.

2.3 Preparation of H,0, non-enzymatic electrochemical
sensor electrode

The experimentally prepared nanocomposite dispersion (1 mg
mL ") was dripped onto the surface of the polished glassy
carbon electrode, and after drying naturally in the air, 5 pL of
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1% mass fraction naphthol solution was dripped onto the
modified electrode, which was dried naturally at room
temperature, to obtain the working electrode, and the p-C
electrode was prepared for comparison, and finally, a series of
electrode slices were obtained as the electrode specimens used
for electrochemical tests.

2.4 The catalytic reduction of 4-NP

In a typical experiment of 4-NP reduction: 0.5 mL of 4-NP
solution (1 mmol L™") and 50 pg of catalyst were dissolved in
water and loaded into a cuvette at the same time, followed by
the addition of 0.1 mL of freshly prepared NaBH, solution
(1 mol L") to complete the preparation of the catalytic test
solution.

3. Result and discussion
3.1 Characterization of Pd/p-C and Ag/p-C nanocomposites

After loading the metal particles, it can be noticed that the
characteristic diffraction peaks of glucose disappear and
a broad diffraction peak representing the amorphous carbon
substrate in the amorphous state appears at around 26°, indi-
cating the successful carbonization of glucose. The Pd/p-C
nanocomposites have significant diffraction peaks at 20 =
40.1°, 46.7°, 68.1°, 82.1°, and 86.6° (Fig. 1a). These diffraction
peaks correspond to the face-centered cubic structure crystal
planes (111), (200), (220), (311), and (222) of the palladium
monomers,*> which indicates that the Pd ions have been
successfully reduced to palladium nanoparticles. At the same
time, it can be found that there are also very weak diffraction
peaks representing the palladium compounds, which is
possible because a small portion of the palladium ions have not
been combined with OH™, and are still present in the form of the
metal compounds. Similarly the five distinct diffraction peaks
of Ag/p-C nanocomposites at 26 = 38.1°, 44.2°, 64.3°, 77.3°, and
81.4° are consistent with the crystallographic surfaces (111),
(200), (220), (311), and (222) occurring in the face-centered
cubic structure of metallic Ag.”® The results showed that all Ag
ions were successfully reduced to silver nanoparticles (Ag NPs)
with good crystallinity.

The FT-IR spectrum of glucose (Fig. 1b) shows a broad and
strong peak at 3300 cm ™' representing the hydroxyl (-OH)
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Fig. 1 (a) XRD spectrum of glucose and Ag/p-C, Pd/p-C nano-
composites; (b) IR spectrum of glucose and Ag/p-C, Pd/p-C
nanocomposites.
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stretching vibration,'>** the C-H stretching vibration peaks are
a few moderately weak peaks at 2980 cm™",>® and the aldehyde
peaks (-CHO) are at around 1650 cm ™', and several peaks with
cleavage around 1400 cm '~1100 cm " can be observed. This
represents the C-O stretching vibrational peaks, the bending
vibrational peaks of the marginal carbon C-H appeared around
930 cm™ ', and the peaks at 700 cm ™ '~500 cm " corresponded to
the ring respiration vibrational peaks, which are functional
groups corresponding to glucose. In comparison, it can be
found that compared to glucose, the FT-IR spectra of Ag/p-C and
Pd/p-C nanocomposites show very weak peaks of -OH, C=0,
and C-O, which may be some irregular bonds remaining at the
edge of the amorphous carbon substrate, and show obvious
C=C and C-C bonds, which constitute the main body of the
carbon skeleton, with vibrational peaks appearing at 1626 cm ™ *
and 1070 cm ™" around.?**” The physical properties of porous
carbon nanocomposites, such as the distribution, size and
nature of the nanoparticles, as well as the accessible surface
area and pore structure of the carbon substrate, are the main
influences on the properties of the composites.”*** The
morphology and structure of Pd/p-C and Ag/p-C nanocomposite
materials were investigated by scanning electron microscopy
(SEM). As shown in Fig. 2b, S10 and S11,} the average particle
sizes of Pd NPs and Ag NPs are 10-40 nm, which are more
uniformly distributed on the surfaces of the carbon substrates
without obvious aggregation. The porous carbon formed
a dense porous structure due to the expansion of a large amount
of gas produced by the carbonization and dehydration of
glucose. Secondly, as shown in Fig. 2a and d, the three-
dimensional (3D) macroporous structure of the carbon
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Fig. 3 XPS profiles of Pd/p-C nanocomposites: (a) C 1s; (b) Pd 3d; XPS
profiles of Ag/p-C nanocomposites: (c) C 1s; (d) Ag 3d.

skeleton of the nanocomposite with a pore size of 50-500 nm
can be observed in the scanning electron microscope images.
And the High-Resolution Transmission Electron Microscope
(HRTEM) images (Fig. 2b and e) showed oriented and ordered
lattice stripes of Pd NPs and Ag NPs, with a lattice spacing of
0.2249 nm corresponding to the Pd(111) crystal plane,* and
lattice spacing of 0.2442 nm and 0.2156 nm corresponding to
the Ag(111) and Ag(200) crystal planes, respectively.** In addi-
tion, the Energy Dispersive Spectrometer (EDS) (Fig. S1 and S2)
and mapping patterns (Fig. 2c and f) indicate the presence of C,
O, and Pd/Ag elements, and the mapping patterns (Fig. 2c and f)
show that the whole carbon substrate is completely covered by
Pd NPs and Ag NPs, and the Pd NPs and Ag NPs are successfully

(a) SEM images for the Pd/p-C nanocomposites; (b) HRTEM images for the Pd/p-C nanocomposites; (c) EDS and elemental mapping of

Pd/p-C nanocomposites (red: C; blue: Pd); (d) SEM images for the Ag/p-C nanocomposites; (e) HRTEM images for the Ag/p-C nano-
composites(f) EDS and elemental mapping of Ag/p-C nanocomposites(red: C; blue: Ag).
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loaded onto the carbon substrate with a relatively uniform
distribution. The BET surface area of Ag/p-C was proved to be
864.8138 m”> g ' by N, adsorption and desorption curves
(Fig. S14t).

To investigate the decoration mechanism of Pd nano-
particles and Ag nanoparticles on carbon substrates, the
chemical states of the elements were analyzed by X-ray photo-
electron spectroscopy (XPS). The full spectrum (Fig. S31) shows
the presence of major C 1s, O 1s, and Pd 3d peaks, and three
peaks of C 1s at 284.7 €V, 286.6 €V, and 289.9 eV in Fig. 3a,
which are attributed to C-C, C-O, and C=0 bonds, respectively.
In addition, the XPS spectrum of O 1s in Fig. S4t has three peaks
at 532.1 eV (C=0), 533.9 eV (C-0), and 537.0 eV (-OH), which
corresponds to certain irregular bonds remaining on the
amorphous carbon rim carbon in the amorphous state.** In the
Fig. 3b it can be observed that there are two peaks located at
335.6 eV and 340.7 eV which correspond to the 3ds/, orbitals
and 3dj/, orbitals of the metallic palladium monomers indi-
cating the presence of Pd at zero valence which reveals that the
palladium ions have been successfully thermally reduced. It can
also be seen that there are two small peaks at 337.4 eV and
342.7 eV, which correspond to the 3ds,, and 3dj,, orbitals of
Pd>*,* indicating that a very small amount of palladium ions in
the corresponds to the XRD results as well. XPS results of Ag/p-C
were also analysed. The full spectrum (Fig. S51) shows the
presence of major C 1s, O 1s, and Ag 3d peaks. The two distinct
peaks are located at the binding energies of 367.9 eV and
373.9 eV, which correspond to the 3ds/, and 3d;/, orbitals of the
metal Ag0,** indicating that the silver exists at zero valence,
which proves that the silver ions have been successfully reduced
completely by thermal reduction, as shown in Fig. 3d.

3.2 Catalytic reduction of 4-NP

The catalytic reduction reaction of 4-NP catalyzed degradation
to 4-AP with NaBH, as the reducing agent was used as a model
system to investigate the catalytic performance of the catalyst.
When the ready-made NaBH, solution was added, the absorp-
tion peak was red-shifted from 317 nm to 400 nm due to the
conversion of 4-NP to 4-NP anion (Fig. S6T). The peak value of
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Fig. 4 (a) UV-vis plots of catalytic reduction of 4-NP by catalyst
carbon (b) UV-vis plots of catalytic reduction of 4-NP by catalyst Pd/p-
C, (c) UV-vis plots of catalytic reduction of 4-NP by catalyst Ag/p-C

Pd/p-C; (d) plots of catalytic time versus —In(A/Ao) with Pd/p-C and
Ag/p-C as catalysts.
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Table 1 Performance comparison of several typical H,O, sensors

Catalyzer Catalytic rate (s~ %) Ref.
Cu-OMS-2 03 x107° 36

Au NPs 6.0 x 107° 37

Au/GO NPs 6.13 x 107° 38

Ag/GO NPs 3.47 x 107° 39
Pd-graphene 3.28 x 107 40
nanohybrids

Ag/p-C 5.15 x 10 This work
Pd/p-C 6.3 x 10°° This work

the absorption peak of 4-NP remained almost unchanged
without the addition of the catalyst at room temperature, and
remained essentially unchanged even when the reaction time
was further extended, suggesting that in the presence of only
NaBH, alone 4-NP could not be reduced to 4-AP (Fig. 4a). When
the carbon substrate was used as a catalyst (Fig. S77), the peak
of 4-NP also remained almost unchanged within 1 h and no
absorption peak representing 4-AP was produced at 317 nm,
indicating that the pure carbon substrate was not catalytically
active for this reaction system. In addition, it can be obtained
through Fig. 4b and c. Pd/p-C and Ag/p-C catalysts enhanced the
reduction rate and completed the catalytic reduction of 4-NP
within 400 s and 540 s, respectively.

The rate constant of the catalytic reaction is still evaluated
here by using the formula k, = —In(c/co) = —In(A/A,) for the
first-order rate constant k, where A, and A, represent the
absorbance value at a certain moment and the initial absor-
bance value, respectively.>* The linear plot of —In(A,/A,) versus
reaction time under the same conditions (Fig. 4d) allows a clear
comparison of the catalytic performance of the investigated
catalysts. Moreover, the rate constant k = 6.3 x 10> s~ * of Pd/p-
C catalyst is not only better than that of Ag/p-C catalyst but also
the catalytic performance is better than that of some other
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Fig. 5 (a) CV curves of different H,O, (0-200 mM) concentrations at

a scanning rate of 50 mvV s1: (b) CV curves measured at different H,O,
concentrations of 50 mM with the CV curves measured at scanning
rates (20-200 mV s73); (c) amperometric response of Ag/p-C elec-
trodes with continuous addition of H,O,; (d) amperometric response
of Ag/p-C electrodes to the addition of different analytes.
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Table 2 Performance comparison of several typical H,O, sensors

Sensors Linear range (mM) Sensitivity (LA mM ' cm ™ ?) Detection limit (nM) Ref.
CuF/Ag NPs-Naf 0.10-80.00 — 480 43
Ag/NCNFs 0.02-20 142.2 150 44
Ag-rGO 0.01-43 0.0262 4800 45
AgNPs-NCNTs 0.001-11 1004.9 30 46

AgNPs — 0.0481 110 47
Ag-MnOOH-GO/GCE 0.0005-17.8 59.1 200 48
GO-Fe;0,-PAMAM-Pd/GCE 0.05-160 5.22 10 49
AgNPs"""/GC 0.0001-5.145 12.60 50 50
AgNPs/NCNFs 0.02-20 142.2 150 51
Nf/Pd@rGO-APTES/GCE 0.0007-13.5 1164.3 210 52
MOF/MWCNT 0.001-8.159 157 700 53
BG-AgNW 0.01-25 338.1 310 54
CuO-rGO 0.05-532 57.6 4.3 55
Cs/a-MnO,/GCE 0.00024-0.1, 0.1-6.67 550 80 56

Ag/p-C 0.0003-1.3 127.58 8.37 This work

nanocomposites, as compared in Table 1. The excellent
performance of the Pd/p-C nanocomposites is mainly attributed
to the synergistic effect of the nanoparticles and porous carbon
carriers. Pd nanoparticles exhibit higher catalytic activity than
Ag nanoparticles. Additionally, the use of porous carbon with
a high porosity rate prevents the aggregation of metal nano-
particles. This synergistic combination provides more active
sites for reactants, thereby enhancing catalytic performance.

3.3 Electrochemical performance testing

Carbon nanotube composites provide a good platform for the
detection of H,O, sensors since they possess small size, large
specific surface area, active sites, chemical stability and good
electrical conductivity.** The electrochemical characterization
was done with the three-electrode setup, tested in 0.1 mol L™"
pH = 7.0 PBS, and initially voltammetric analysis between —1.2
and 0 V. Using a 50 mV s~ ' scan rate. Fig. 5a shows the cyclic
voltammetry analysis of the Ag/p-C electrode at different H,O,
concentrations at a sweep rate of 50 mV s~ . It can be found that
the peak value of the reduction current peak increases with the
increase of H,O, concentration, as shown by the linear fitting
plot of the peak current of Ag/p-C electrode versus H,O,
concentration in Fig. S97 and there is a quite good linear rela-
tionship between the peak current of H,0, and the concentra-
tion of H,0, in the concentration range of 0-200 mmol L™ " (R?
= 0.999). Fig. 5b shows the cyclic voltammetry analysis per-
formed at different scan rates at the H,O, concentration of
50 mM. As shown in Fig. S8,7 the peak value of the reduction
current peak increases progressively with the increase of the
sweep rate (20-200 mV s~ ') and there is a good linear rela-
tionship between the peak current and the square root of the
sweep rate (R> = 0.998). Compliance with the Randles-Sevcik
equation i, = 0.4463n°°FAD,,,"*Cv'”*/(RT)"”* reveals the
controllable character of the diffusion process.*?

The amperometric response plots of the Ag/p-C electrode
over time at different H,O, concentrations at a potential of
—0.6 V (Fig. 5¢) showed that the constructed electrochemical

21942 | RSC Adv, 2024, 14, 21938-21944

sensor showed a good linear relationship (R> = 0.999) within the
current range of 3.0 x 10”7 to 1.3 x 10" ° mol L™ * (Fig. S97).
Based on linear fitting, the sensitivity was calculated to be
127.58 pA mM ' em 2, and the detection limit was 8.37 x
10"° mol L™ (S/N = 3). The comparison in Table 2 shows that
the wide linear range, low detection limit and high sensitivity of
the electrode can be attributed to the excellent synergistic effect
between Ag NPs and porous carbon substrate.

Finally, the anti-interference performance of the Ag/p-C
electrode was evaluated by chronoamperometric analysis.
Three electroactive substances (ascorbic acid (AA), uric acid
(UA), and glucose (Glu)) were measured simultaneously at
—0.6 V in 0.1 mol per L PBS with 5 mmol per L H,0, versus
10 mmol L. The response of ascorbic acid (AA), uric acid (UA),
and glucose (Glu) are shown in the ab, cd, and ef segments in
Fig. 5. It can be seen that the injections of three electroactive
substances caused a negligible response, whereas the injection
of H,0, showed a large response as can be seen by the bc and de
segments. Indicating the Ag/p-C electrode had good anti-
interference properties.

4. Conclusion

In this work, a thermal expansion method was successfully
explored to synthesize Pd/p-C and Ag/p-C nanocomposites,
ensuring the environmentally friendly nature of the experi-
mental process. The resultant nanoparticles exhibited higher
dispersion compared to alternative synthesis methods. The
catalytic reduction of 4-nitrophenol by Ag/p-C nanocomposites
exhibited excellent catalytic performance with a rate constant of
k=6.3 x 107® s7; the working electrode modified with Ag/p-C
nanocomposites was applied to the hydrogen peroxide sensor to
exhibit excellent sensing performance, which showed a wide
range of 3.0 x 10’ mol L " to 1.3 x 10" mol L™ range, a wide
linear range, a good sensitivity of 127.58 pA mM " em >, and
a low detection limit of 8.37 x 107° mol L™" (S/N = 3), which
makes the preparation of nanocomposites in medical, envi-
ronmental and other fields of strong reference value.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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