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Abstract

Palladium—Cobalt (Pd—Co) alloys with different atomic ratios were synthesized suc-
cessfully by borohydride-assisted chemical reduction method. Pd—Co alloys were
characterized to study their physical and chemical properties. Further, the catalytic
behavior of the synthesized alloys and effect of cobalt inclusion into alloy for the
catalytic behavior was studied using reduction of 4-nitrophenol (4-NP). The reduc-
tion of 4-NP into 4-aminophenol by sodium borohydride is one of the eminent
model reactions to study catalytic behavior as it enables assessing the catalyst from
the kinetic parameters calculated from the real-time spectroscopic monitoring of an
aqueous solution. Pd—Co alloys show good catalytic activity towards the reduction
of 4-NP and their rate constants were calculated. The catalytic studies reveal that
reduction reaction catalyzed by prepared Pd—Co alloys follow the pseudo-first-order
kinetics. Among them, Pd,;Co-, catalyzed the reduction reaction with the minimum
time of 7 min having a rate constant of 6.65 ms~'. The turn over frequency (TOF)
for the corresponding alloy was calculated and found to be 26 h™".
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Introduction

Technological innovation paves the way for new materials with special properties
leading to the application of nanomaterial in various fields [1-5]. In recent years,
intense research has been adopted by the scientific community to develop highly
active catalytic nanomaterial for water treatment for the reduction of various nitro
compounds and water-soluble aromatic dyes as these compounds have great impact
on both environmental sustainability and human health [6-12]. Nitrophenol is one
of the most lethal water toxins. 4-nitrophenol (4-NP) causes serious environmen-
tal concern and hence numerous techniques have been adopted for the reduction
of these pollutants [13—15]. Among other techniques, conversion of a nitro group
into an amine group by hydrogenation is an appropriate way to reduce its toxicity
[16-19]. In this way, 4-aminophenol (4-AP), a useful organic compound, can be
obtained. Moreover, 4-AP is an important intermediate in manufacturing antipyretic
and analgesic drugs like paracetamol, phenacetin and acetanilide [20, 21]. 4-AP is a
vital component in the production of industrial dyes, photographic developing tech-
niques and its oxalate salt has been used as a corrosion inhibitor [22-24].

Catalytic reduction of 4-NP by sodium borohydride in the presence of a metal
catalyst is found to be a cost-effective and eco-friendly method [25]. Research on
noble metal nanoparticles as catalyst is the active topic [26-29]. Among them, pal-
ladium has received much attention since it has noticeable characteristic activity as
a catalyst for various reactions [30-36]. Even though palladium nanoparticles, as the
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best catalyst, exhibit higher surface energy due to large surface-to-volume ratio, the
stability of the nanoparticles during the catalytic reaction is compromised because of
its higher collision frequency, tendency to aggregate, change in shape and destruc-
tion of its surface atoms; this leads to the subsequent loss of its initial activity and
selectivity. So, fabricating a proficient and reusable catalyst for the hydrogenation
of 4-NP is an interesting task to be accomplished. The highest possibility in tuning
and controlling the catalytic activity can be achieved by alloying [37—41]. In alloy-
ing, electrons from the metal counterpart with a higher energy level transfer to the
metal with low Fermi energy, thereby altering the electronic structure of the alloy. In
the case of Pd—Co alloy, electrons from palladium with a Fermi level E;=8.94 eV)
leap to cobalt (E;=7.38 V). The interaction of active sites of a catalyst with hydro-
gen species is altered due to the interfacial charge transfer from palladium to cobalt.
Thus, alloying of palladium with cobalt enhances the catalytic activity. Due to inter-
facial electron transfer, the d-band center approaches the Fermi level, thereby fill-
ing the electron population in the bonding orbitals [42]. Thus, increase in binding
energy of the alloy’s d-band increases the chemisorption [43]. The enhanced cata-
lytic reduction was induced due to increased transfer of more electrons from borohy-
dride to nitrophenol on the active sites; this is compared to low-lying d-bands with
more anti-bonding orbitals, as in individual metals. In particular, when a 4d transi-
tion metal like palladium having high spin—orbit coupling is alloyed with a 3d tran-
sition magnetic metal, the catalytic behavior is enhanced [44-47]. The change in
geometrical and electronic state on alloying also leads to enhancement of the cata-
lytic behavior of metals [48—51]. In addition to all these advantages, inclusion of
magnetic material as one of the alloy components smoothens the separation of the
catalyst from reaction medium by external magnetic force and also the catalyst can
be reused [52]. These advantages motivate researchers to innovate techniques for
enrichment of palladium-based alloys and thus increases its scope in common usage
[53, 54].

In this work, synthesis of Pd—Co alloy by the simple and cost-effective sodium
borohydride-assisted chemical reduction method is presented with its various
characterizations. Catalytic behavior of the Pd—Co alloy towards the reduction of
4-NP was studied. Moreover, the effect on catalytic behavior of Pd—Co alloy with
respect to atomic ratio of Co in the alloy was appraised.

Experimental details

Reagents

Palladium acetate (98% pure), cobalt sulfate heptahydrate and polyvinylpyr-
rolidone (PVP) were procured from Sigma-Aldrich and used in the reaction as

received. Ammonia (99% pure) and hydrochloric acid were obtained from Merck.
Sodium borohydride and 4-NP were bought from s d fine chemicals and all the
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chemicals used in the reported work were of analytical reagent grade. The experi-
ments were carried out using double-distilled water.

Synthesis of Pd-Co alloy

Pd—Co alloys were synthesized by the cost-effective chemical reduction method
using sodium borohydride as reducing agent. Palladium precursor solution was pre-
pared by dissolving palladium acetate in distilled water mixed with 1 ml of HCI. The
concentration of cobalt sulfate was chosen so that the alloy would have 10, 25, 50,
75 and 90% of cobalt. The mixture of palladium and cobalt precursor solution was
stirred for 30 min. Then PVP solution as a stabilizing agent was added in drops to
the mixture. The required amount of NaBH, was added to the above solution and
the obtained precipitate was filtered, washed and dried at room temperature. The
as-prepared samples were annealed at 400 °C for 2 h under nitrogen atmosphere.
The samples were labeled A, B, C, D, E and F with respect to palladium and cobalt
composition and the details are given in Table 1.

Characterization

The composition of the alloys were ascertained from atomic absorption spectros-
copy (AAS; Perkin Elmer AAS 700). The samples for AAS analysis were prepared
by dissolving the alloy in 5 ml of 1:1 mixture of nitric acid and sulfuric acid. Then
the solution was diluted to 100 ml using double-distilled water. Powder X-ray dif-
fraction (XRD) analysis was carried out using a GE X-ray diffraction system (XRD
3003 TT) with CuKa, radiation (1=1.5406 A). The XRD patterns were obtained
from 35° to 80° at 0.04°/s. The chemical environment of the alloy was analyzed
using X-ray photoelectron spectroscopy (XPS; DAR400-XM 1000, OMICRON
Nanotechnologies, Germany) equipped with dual Al/Mg anodes. The Al anode was
used in obtaining the survey and elemental spectra. All spectra were standardized
using C 1s peak at 284.5 eV to eliminate the charging effect on the sample. The
morphologies of the alloys were revealed via high-resolution scanning electron
microscopy (HRSEM) equipped with an energy-dispersive X-ray spectrometer (FEI
Quanta FEG 200). The transmission electron spectroscopy (TEM) analysis was car-
ried out on a JEOL JEM 2100 instrument operating at 200 keV. The TEM sam-
ples were prepared by dispersing the samples in ethanol and then dropping them
onto the carbon grid for analysis. Dynamic light scattering (DLS, Malvern Zetasizer,
3000HSa, UK) was used to measure the particle size distribution of the nanoparti-
cles. Selected area electron diffraction (SAED) patterns were constructed at selected
regions to study the alloy’s structure. Phase transition and thermal stability of the
alloys were characterized using differential scanning calorimetry (DSC) and thermo
gravimetric analysis (TGA) using a NETZSCH DSC 214 (equipped with TGA). The
magnetic behavior of the alloys were studied using vibrating sample magnetometer
(VSM, EG&G PARC, Model 4500). The catalytic reduction of 4-NP was observed
using a UV-visible spectrometer (Analytik Gena, Specord 210 plus).
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Table 1 Stoichiometry of the prepared alloy ascertained from atomic absorption spectroscopy analysis
and its label and summary of its structural property

Sample Sample label Molar ratio of palladium  Atomic ratios of  Lattice Crystallite
acetate:cobalt sulfate Pd—Co alloys parameter size ~(nm)

T EE— A
Pd % Co % @

1 A 90:10 89.36 10.64  3.88

2 B 75:25 74.44 25.56 3.81 9

3 C 50:50 4246 5754  3.86 11

4 D 25:75 26.66 7334  3.85 6

5 E 10:90 08.60 914 3.79 6

Catalytic reduction of 4-NP

To investigate the catalytic activity of the alloy hybrids, the reduction of 4-NP was
tested in a quartz cuvette. Aqueous solution of 4-NP (2.8 ml, 0.5 mM) was added
to the cuvette. The obtained 4-NP solution had a noticeable light-yellow shade.
After adding 400 pl of freshly prepared 30 mM NaBH,, the absorption peak was
red-shifted to 400 nm from 317 nm (absorption of 4-NP) and the change in color
from light yellow to bright yellow was observed rapidly, confirming the 4-nitro-
phenolate anion formation. Prepared Pd—Co alloy (0.2 mg) was added to the quartz
cuvette. The color of the solution changed gradually from bright yellow to colorless
and, consequently, a gradual decrease in the peak intensity centered at 400 nm was
observed; this decrease in the intensity clearly indicated the subsequent reduction of
4-NP. The catalytic activities of Pd—Co alloys prepared with different atomic ratios
were studied. The catalytic activity of Pd—Co alloys of all compositions were com-
pared. The catalytic process was monitored at ambient condition using an UV-Vis
spectrophotometer in the range 250-550 nm at regular time intervals.

Result and discussions
Compositional analysis
The atomic composition of alloys were obtained from AAS analysis and are listed

in Table 1. It was observed that alloy compositions were formed with respect to the
initial concentration of the bath.

Structural analysis

Figure 1 presents the XRD pattern of Pd—Co alloys with different atomic ratios. The
pattern show that the position and relative intensities of all the diffraction peaks match
well with the standard pattern of Pd—Co alloy. The three diffraction peaks positioned at
41.59°, 48.52° and 71.1° were respectively attributed to the (111), (200) and (220) dif-
fraction planes which were persistent with the standard XRD data for the face-centered
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Fig. 1 XRD pattern of Pd—Co
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cubic (FCC) Pd—Co alloy (JCPDS card file no. 65-6075). It was observed from the
graph that as the composition of cobalt was increased in the prepared alloy, the dif-
fraction peaks were slightly shifted to higher 26 values. This shift in angle is due to
decrease in the size of the lattice parameter on incorporation of cobalt with palladium.

The lattice parameters of the alloys were estimated from the XRD patterns, and
the average crystallite size of the alloys were evaluated by Scherrer’s formula. The
calculated lattice parameters are presented in Table 1. The average crystallite size
of Pd—Co alloys having different atomic ratios vary from 4 to 11 nm. On increas-
ing the cobalt content in the alloy, values of lattice parameters decrease. The results
clearly showed that there was a change in the geometry of the crystal structure in the
prepared alloys. This geometric effect influences the interaction between adsorbed
species and the surface atoms by means of its atomic arrangement in the active sur-
face site [55]. As such, change in the geometry arose due to the lattice compression
enhancing the catalytic property of the prepared Pd—Co alloy catalysts [43].

The elemental state as well as the chemical contents of the alloy were examined
using XPS. The presence of palladium and cobalt, which corresponds to Pd—Co alloy
(sample D) devoid of impurities, as confirmed from the survey spectrum is shown
in Fig. 2a. High-resolution spectra of Pd and Co present in the alloy are shown in
Fig. 2b, c, respectively. The doublet peak of Pd was deconvoluted into four peaks
allied to Pd’(3ds,), Pd**(3ds,), Pd° (3d,,) and Pd** (3d,,,) with binding energies
around 335.7, 338.4, 341.3 and 343.8 eV, respectively. The binding energy peaks at
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335.7 and 341.3 eV correspond to the metallic palladium peaks with slight increase
in the binding energy when compared to that of binding energy peak of pure Pd
aroused at 335.5 eV [43, 44]. The shift in binding energy was due to the electronic
interaction between palladium and cobalt as an effect of alloying palladium with
cobalt. This increase in binding energy of the d-band of the alloy increases the ten-
dency of interaction of adsorbents when compared to low-lying d-bands with more
anti-bonding orbitals. The change in electronic structure during the formation of an
alloy enhances the catalytic behavior of the alloy [56, 57]. Also, two peaks at bind-
ing energies of 338.4 and 343.8 eV may be aroused due to the surface oxidation
(Pd** state) of the sample.

Similarly for cobalt spectrum, the peak was again deconvoluted into four peaks.
The doublet peak of Co was deconvoluted into four peaks corresponding to Co°
(3dsp), Co*™ (3dsp,), Co° (3dy) and Co** (3d,,) with binding energies at 782.7,
789, 798.4 and 805 eV, respectively. Binding energies of both Pd° (335.5 eV) and
Co® (778.2 eV) peaks are shifted from pure palladium and cobalt, suggesting the
alloy formation between these two elements [58—61]. The atomic fraction of ele-
ments (C,) in the alloy can be calculated using the general expression:
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Fig.2 Survey scan XPS spectrum of Pd-Co alloy (sample D) and its high-resolution spectra of Pd 3d
and Co 2p
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where A is the peak area and S is the atomic sensitivity factor.
The atomic percentages of Pd and Co in alloy are found to be 25.18 and 74.81%,
respectively, which correlates with the atomic ratio ascertained from AAS analysis.

Morphological studies

The densely packed leaf like morphology of the particles were observed in the
HRSEM image and shown in Fig. 3. The micrograph clearly shows that the particles
grow to make densely packed leaf like shapes. A slight change in the morphology
of the alloys was noted with respect to their atomic ratio. The morphology changes
from leaf to spheres as cobalt content increases in alloy, wherein the nanospheres
tend to arrange linearly like a rod in morphology.

HRTEM images of the alloy (sample D) are shown in Fig. 4a—c with lower and
higher magnification respectively. Micrographs of the alloy depicts that the parti-
cles were homogenously distributed. Figure 4c depicts the lattice fringe spacing of
~0.213 nm, ~0.189 nm, ~0.138 nm observed from the particles were indexed to the
(111), (200) and (220) planes of FCC structured Pd—Co alloy and concurred with
the standard JCPDS value of Pd—Co alloy.

The obtained d-spacing values additionally ensured the formation of Pd—Co
alloy in coherence with XRD analysis. Figure 4d shows the SAED pattern of sam-
ple D. The interplanar d-spacing values for diffracted rings were calculated and was
observed that the spacing values matches with the d (;1;), d (59) d (220) and d 3y, of
Pd—Co FCC structure with reference to the JCPDS number 65-6075. The obtained
SAED data was found to be consistent with the XRD results.

In Fig. 5a, the size distribution histogram of the Pd—Co alloy were obtained from
a randomly selected area of the HRTEM image is shown. From the histogram, it is
established that the average particles size were ~ 10.5 nm. The particle size distribu-
tion of the alloy was done using DLS as shown in Fig. 5b. The average particles size
of Pd—Co alloy (sample D) were observed to be ~ 11 nm and was in good agreement
with particles size of alloy estimated from HRTEM analysis.

Magnetic studies

Magnetization as a function of the applied field M(H) is shown in Fig. 6. It shows
that Pd—Co alloys exhibit well-defined hysteresis loops, while the magnetic response
of the Pd—Co alloy with low cobalt content to the applied field was weak, as in a
weak ferromagnetic material.

Table 2 depicts the comparison of the saturation magnetization (M), retentivity
(M,), coercivity (H_), squareness ratio, switching field distribution (SFD) value and
hysteresis loss of all the samples along with the respective Co content in the alloy.
The magnetic characterization shows that Pd—Co alloys are ferromagnetic in nature
and the value of the magnetization saturation can be positively associated with the
cobalt content in the alloys. From the squareness ratio, it was found that all the
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Fig. 3 HRSEM images of Pd—Co alloys prepared with different atomic ratios

alloys have pseudo-single-order domains. Pd—Co alloys are hence suitable for use as
ferromagnetic electrodes and other applications.

Thermal analysis

The phase transition of the Pd—Co alloy (sample D) was studied using DSC analysis
and is shown in Fig. 7 and the inset of Fig. 7 shows the thermal stability of the alloy
examined by TGA analysis. The DSC thermogram of Pd—Co alloy indicates the
presence of both exothermic and endothermic peaks that resulted from the changes
in structure of the alloy with temperature. The endothermic peak observed at 149 °C
was due to dehydrogenation of adsorbed water molecules on the surface of the alloy
[46]. The amount of enthalpy absorbed during dehydrogenation was calculated from
the thermograph and it was found to be 2.7 kJ/g. Dehydrogenation was also evident
from the TGA analysis since there was an apparent loss in mass around 150 °C. The
second peak was an exothermic peak with onset around 360 °C which corresponds
to crystallization of Pd—Co alloy. The amount of enthalpy evolved during this transi-
tion is 38 kJ/g. Structural phase formation was evident from the XRD analysis; in
the as-prepared condition, the sample showed an amorphous nature and on anneal-
ing at 400 °C, Pd—Co alloy with an FCC crystal structure was formed.

Catalytic behavior
Reduction of 4-NP into 4-AP by sodium borohydride was carried out with the aim

of evaluating the catalytic behavior of Pd—Co alloy. The reduction process was
monitored using UV-Vis absorbance spectroscopy and is shown in Fig. 8. On the
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Fig. 6 Magnetic response of 4
Pd—Co alloys
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Table 2 Magnetic behavior of Pd—Co alloys
Sample Co content M, (emu/g) M, (emu/g) H, (Oe) MM, SFD Hysteresis loss

(at.%) (Am%/kg. cycle)
A 10 0.37 0.02 97 0.05 113 90
B 25 1.44 0.14 144 0.09 19.5 362
C 50 2.02 0.12 92 0.08 123 344
D 75 2.37 0.76 150 0.32 11.1 948
E 90 2.6 0.94 135 0.26 107 1024

addition of sodium borohydride, the characteristic peak observed at 317 nm cor-
responding to 4-NP shifted to 400 nm due to the formation of nitrophenolate ions.
Further, the change in color of the solution from light yellow to dark yellow also
indicates that nitrophenolate ions are formed. The reduction of phenolate ion to ami-
nophenol is a very slow process. It can even take several days to reduce completely.
In order to intensify the electron transfer from reducing agent to the 4-NP, the cata-
lyst was added to the reaction medium. On the addition of Pd—Co alloy as a catalyst,
the absorption intensity of phenolate ion at 400 nm starts to decrease in succession
with respect to time.

Concurrently, a new peak was observed at 300 nm which corresponds to 4-AP.
The conversion of 4-NP into 4-AP can be simply overseen by an UV-Vis spectro-
photometer scan as shown in Fig. 8. Kinematics of the reduction reaction using
the Pd—Co alloy with different atomic ratios as the catalyst were examined from
In(C/Cy) vs. time graph and these graphs are given as the inset in the correspond-
ing absorption plot. The reduction reaction rate constant (k) was deduced from
slope of the kinetic plot. The catalytic behavior of all the alloy samples and pure
Co towards the reduction of 4-NP are tabulated for comparison and presented in
Table 3.

On correlation of the results, sample D (Pd,cCo,) showed splendid catalytic
activity in comparison with other alloys. As the cobalt content increased, more
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Fig.7 DSC thermogram of Pd— =
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nanospheres tend to remain on the surface of the alloy, as depicted by morpho-
logical analysis. The spherical particles lead to more active sites on the surface,
availing places for hydrogen adsorption. Even with the low concentration of Pd,
all Pd-Co alloys exhibit enhanced catalytic activity when compared to pure Pd.
The above results show that the reduction of 4-NP catalyzed by Pd—Co alloy was
done in a minimum time of 7 min at a rate constant of 6.65 ms~!. On analyzing
the kinetic curve, it is clear that reduction reactions comply with the pseudo-first-
order reaction mechanism. The turnover frequency of the catalyst (sample D) was
calculated and found to be ~26 h™!.

For practical consideration of alloy for usage as a catalyst, Pd,;Co,, was sub-
jected to stability and reusability tests. After the reduction of 4-NP, Pd—Co alloy
was separated using an external magnetic field from the reaction medium and the
catalyst was reused for for four more new reduction processes. The reliability
and stability of the prepared alloy is shown in Fig. 9. The stability of the alloy
remained unaltered for three cycles of reduction, and after the third cycle, the
kinetic rate constant k value started to decrease.

The possible reduction mechanism of 4-NP to 4-AP catalyzed by Pd—Co alloy
is schematically represented in Fig. 10. Alloying palladium with cobalt modified
the structural properties and electronic structure and thus increased the number of
unsaturated active sites for hydrogen adsorption onto the catalyst. The adsorption
of reactant ions onto the catalyst surface helps the reduction reaction to overcome
its kinetic barrier during the reaction and hence increases the rate of reduction.
The catalytic process may involve few steps as follows: adsorption of 4-NP ion on
to the surface of the Pd—Co alloy; at the same time, the BH,~ from sodium boro-
hydride is also adsorbed onto the Pd—Co alloy; At this point, Pd—Co alloy initi-
ates the electron transfer between BH,™ anion and the 4-NP ion, i.e., the catalyst
receives the electron pair dissociated from the BH,™ anion and supplies it to the
nitrophenolate ion; this resulted in hydrogenation of the nitro group present in the
4-NP forming ecofriendly 4-AP molecules as the reaction product.
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tively and its corresponding reaction kinetics plot of conversion
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Table 3 Catalytic activity of Sample Sample Time (min) Rate
constant
(ms™h)
1 A 18 2.17
2 B 12 3.82
3 C 10 4.48
4 D 7 6.65
5 E 20 2.16
6 Cobalt 28 1.34

Recent literature reports on 4-NP reduction catalyzed by various nanoparticles
are listed in Table 4. The present work was compared with the previous reports.
4-NP reduction using Pd—Co alloy as a catalyst showed superior catalytic behavior.
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Fig.9 Reliability and stability 7 4
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Conclusion

Pd—Co alloys were successfully synthesized using the chemical reduction method
with various atomic ratios, and the effect of cobalt inclusion into the alloy for the
catalytic behavior towards the 4-NP was elaborated. The formation of an FCC struc-
tured alloy with geometrical effect was confirmed by XRD analysis which was also
noticeable in SAED patterns. Addition of cobalt induces the magnetic effect in the
catalyst, making it more suitable for reuse. The effect of cobalt content on catalytic
activity of Pd—Co alloys towards the reduction of 4-NP were studied. The predict-
able kinetic rate constant of Pd—Co alloys indicates that the catalytic activity of the
alloys was enhanced when compared with pure components. Enhancement of the

[ CHSNO,+ NaBH, ———> NaBO, + C.H,N + H,

Toxic 4-NP Non-toxic 4-AP

o Pd-Co
alloy catalyst

=
S

| NaBH, + 2H,0——> NaBO,+4H,t |

NaBO,

Fig. 10 Schematic representation of catalytic reduction of 4-nitrophenol to 4-aminophenol
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Table 4 Recent report on catalytic behavior of 4-nitrophenol

Material Catalytic conditions (room temperature, cuvette)

Mass (mg) 4-NP (mM) NaBH, (mM) k (ms™") References
Co 3 0.001 0.02 3.51 [62]
Au/SBA-15 2.1 0.2 15 3.24 [63]
Ni@Pd/KCC 10 500 0.12 0.2 [64]
Pd/Fe304@ 5 10 50 0.19 [65]
SiO2@KCC-1
Pd/G 4 0.3 100 2.4 [66]
Pd—Co alloy 0.2 0.5 30 6.65 This work

catalytic activity of alloys was due to the synergistic effect induced because of the
interfacial charge transfer from palladium to cobalt and structural modification in
the alloy.
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