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To enhance and optimize nanocatalyst ability for nitrophenol (4-NP) reduction reaction we look beyond Au-metal nanoparticles
and describe a new class of Au nanoalloys with controlled composition for core of AuCu-metals and Pt-metal shell. The reduction
of 4-NP was investigated in aqueous media spectroscopically on 7.8 nm Au nanospheres (AuNSs), 8.3 nm AuCuNSs, and 9.1 nm
AuCu@Pt core-shell NSs in diameter. The rate constants of the catalyzed reaction at room temperature, activation energies, and
entropies of activation of reactions catalyzed by the AuCu@Pt core-shell NSs are found to have different values to those of the pure
metal NSs. The results strongly support the proposal that catalysis by nanoparticles is taking place efficiently on the surface of NSs.
These core-shell nanocatalysts exhibited stability throughout the reduction reaction andproved that heterogonous typemechanisms
are most likely to be dominant in nanoalloy based catalysis if the surface of the NSs is not defected upon shell incorporation.

Dedicated to Professor Dr. Mathias Brust

1. Introduction

Versatile optical, chemical, and electronic properties of Au
nanoparticles (AuNPs) have made them an attractive candi-
date in the field of sensing, biomedicine, electronics, imaging,
and last but not least catalysis [1–5]. As a catalyst, the unique
properties of nanomaterials catalyze different reaction types
atmuch faster rates due to higher surface energies (because of
unsaturated valencies of surface atoms of NPs) as compared
to their respective bulk partners [6–10]. The key factors con-
trolling the catalytic efficiency of the nanomaterials are shape,
size, concentration, and temperature which have attracted
intense attention over the past few years [6–9]. Reduction of
4-nitrophenol to 4-aminophenol in the presence of sodium
borohydride (BH) on the surface of nanoparticles as catalyst
is one of the model catalytic reactions [11–14]. This model

reaction has also been investigated on bimetallic nanopar-
ticles during the last decade by many researchers due to
additional degrees of freedom and versatility of compositions
in bimetallic NPs [15–18].

Reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-
AP) was first identified by Pradhan et al. in the presence of
catalyst [19]. 4-NP is an organic pollutant, found in industrial
waste water, while 4-AP is a potent intermediate in the syn-
thesis of many analgesics and fever reducing drugs, for exam-
ple, phenacetin and paracetamol, are also used in industry
as photographic developer, hair dyeing agent, and corrosion
inhibitor [20, 21]. Reduction of 4-NP by sodium borohydride
(BH) is thermodynamically feasible but without catalyst this
reaction is not favorable [22]. This reaction proceeds in
aqueous solution in the presence of either immobilized or
free nanoparticles. UV-vis spectroscopy easily monitors the
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Table 1: Composition of synthesized AuCu alloys and their codes.

HAuCl
4
/Cu(acac)

2
molar ratio Au (atom %) Cu (atom %) Compositional codes

1/1 50.09 ± 0.6 50.06 ± 0.4 Au
49
Cu
51

1/2 33.94 ± 0.6 66.42 ± 0.6 Au
34
Cu
66

1/3 28.76 ± 0.4 71.24 ± 0.5 Au
29
Cu
71

1/4 20.34 ± 0.2 79.95 ± 0.2 Au20Cu80

1/15 6.25 ± 0.6 93.77 ± 0.5 Au
6
Cu
94

1/18 5.27 ± 0.5 94.73 ± 0.4 Au
5
Cu
95

1/30 3.23 ± 0.6 96.77 ± 0.6 Au
3
Cu
97

1/36 2.46 ± 0.6 97.85 ± 0.4 Au
2
Cu
98

reduction of this organic pollutant by the strong absorption of
4-nitrophenolate anion at 400 nm. Spectrophotometric data
also allows the calculation of the rate constant, activation
energies, frequency factors, and entropy of activation for this
reaction [23].

Reduction of 4-nitrophenol (4-NP) by BH is used as a
model reaction for the catalytic evaluation of the synthesized
nanomaterials [21, 22]. Many reports have come forward
regarding the adsorption of 4-NP and BH on the surface
of the AuNPs, following a simple Langmuir-Hinshelwood
model [20, 21]. In the present study as well, it was observed
that BH adsorbs on the surface of AuNPs and Au alloys.
This was monitored by a corresponding blue shift in the
SPR (surface plasmon resonance) of AuNPs from 4 to 9 nm,
depending upon the BH concentration used [22, 23]. The
higher the BH concentration is, the more the SPR shift will
be and the greater the conversion of 4-NP to 4-AP will be.

Gathering all the informationmentioned above, there is a
need for a kinetic model to explain the important findings for
this reaction. The kinetic data was found to be best analyzed
in terms of the Langmuir-Hinshelwood model [24]. Both
the reactants BH and 4-NP get adsorbed on the surface
of nanoparticles during the course of reaction producing a
Langmuir isotherm [25–30]. In the final step, the 4-AP is
removed during the fast reaction.

2. Materials and Methods

2.1. Materials. Tetrachloroaurate trihydrate (HAuCl
4
⋅3H
2
O,

99.9%), oleylamine (technical grade, 70%), methanol (98%),
and hexane (99%) were purchased from Sigma Aldrich and
used without any further purification. Sodium borohydride
and 4-nitrophenol were purchased from Fluka. Double dis-
tilled water was used in all experiments.

2.2. Synthesis of Au Nanospheres (AuNSs). Oleylamine
(OAm) stabilized gold nanoparticles (AuNPs) of 7.8 ±
1.5 nm diameters were synthesized using previously reported
method [31]. According to this method, 50mmol HAuCl

4

was dissolved in 4.6mL oleylamine (70%); N
2
was blown

for 10min over reaction mixture to remove O
2
. Solution was

heated to 160∘C; after 15min of the reaction solution changed
fromorange to deep red indicating the reduction of Au3+ ions
under stirring. Reaction was completed in 60min indicated

by change of UV-vis profile for Au3+ to Au0. The solution
was removed from stirring and cooled to room temperature
without stopping the stirring and precipitated by adding
methanol (Figure 1(a)).

2.3. Synthesis of AuCu Nanospheres (AuCuNSs). The synthe-
sized AuNSs were used as seeds for fabrication of AuCuNSs
alloy. A solution of 0.23mM C

10
H
14
CuO
4
(Cu(acac)

2
) in

OAm was mixed with AuNSs solution in OAm and heated
at 280∘C for 30min under nitrogen flow and rapid magnetic
stirring. After cooling the AuCu sol to room temperature,
methanol addition precipitated out the AuCuNSs. These
NPs are dispersible in nonpolar solvent, like hexane. The
atomic ratio of Au/Cu was set as 1 : 4 by using precursors of
appropriatemolarity; hence the synthesizedNSs were termed
as AuCu

4
(Table 1). Then all synthesized nanomaterials were

phase transferred from organic to aqueous phase by utilizing
protocol adopted by Gao et al. [32].

2.4. Synthesis of Core-Shell AuCu@Pt Nanospheres (AuCu@-
PtNSs). For already synthesized AuCu alloy, Pt shell was
formed by adding 14.85mg of C

10
H
14
PtO
4
dissolved in OAm

and keeping temperature at 240∘C under nitrogen flow with
continuous stirring for 1 hr.The color of solution turned dark
black in tone after 5min of reaction under nitrogen flow.
After 1 hr, the sol was cooled down to room temperature
to precipitate AuCu@Pt nanoalloys by adding methanol
(Figure 1(b)).

Before each catalytic experiment, these NSs were ultra-
sonicated for 15min. In a standard quartz cuvette 100𝜇L
of 10 nM AuNPs was added followed by the addition of
100 𝜇L of 1mM 4-NP solution.The total volume was adjusted
to 3.5mL with water and at the end a freshly prepared
ice-cold NaBH

4
(100 𝜇L of 100mM) was added to the

mixture of 4-nitrophenol and NSs. The light yellow color
of the 4-nitrophenol became immediately yellowish green
due to the formation of 4-nitrophenolate ion. The time-
dependent reduction was elucidated from the absorbance
spectra which were recorded with a time interval of 1 to
5min. It was observed that the rate constant was increased
with the amount of Au nanocatalyst, BH concentration, and
temperature. Furthermore, the Au nanocatalyst was found to
be quite stable with excellent catalytic ability.
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Figure 1: TEM of AuNSs (a) and AuCu@PtNSs (b).
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Figure 2: UV-visible spectra for catalytic reduction of 4-NP in the presence of AuNSs (a), AuCuNSs (b), and AuCu@PtNS (c).
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Figure 3: Kinetics of 4-NP reduction process assisted by nanocatalysts at 25∘C (black, hexagon), 30∘C (red, diamond), 35∘C (green, triangle),
and 40∘C (blue, sphere).

2.5. Characterization of NSs. TEM analyses were done using
high resolution Hitachi S-4800 cold field emission SEM. All
the catalytic and stability experiments were carried out on an
Agilent 8453 UV-visible spectrophotometer at a wavelength
range of 190–1100 nm.

3. Results and Discussion

3.1. Catalytic Reduction of 4-Nitrophenol in the Presence of Au,
AuCu, and AuCu@Pt Nanospheres (NSs). OAm stabilized
AuNPs and Au alloys were prepared by Yang et al. method
[33] and were further used for catalytic reduction of 4-NP.
The stability and the extent of the catalytic activity of AuNPs
were investigated in detail under several different chemical
and physical conditions. Graphical abstract is the scheme of

the AuNPs catalyzed reduction of 4-NP. SPR is highly sensi-
tive to the chemical environment of the species surrounding
the AuNPs; hence, activity of AuNPs was studied in terms of
the SPR. There was no shift in SPR after adding 4-NP alone,
but 4-NP immediately converts to 4-nitrophenolate ion and
𝜆max shifted from 315 nm to 400 nm in the presence of AuNPs
(Figure 2(a)).Thus, it is the 4-nitrophenolate ion that reduces
to form aminophenol. This can be taken as an evidence that
4-NP has been adsorbed on the surface of the AuNPs.

Bimetallic nanoparticles are particularly useful due to
versatile composition and structural variations that may be
adjusted in order to improve catalytic behavior. Bimetallic
catalysts frequently display catalytic activity that is higher
than either constituent material for reduction of 4-NP [15–
17]. Accordingly, the reduction rates can be regarded as being
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Table 2: Comparison of rate constants of 4-nitrophenol reduction process in the presence of AuNSs, AuCuNSs, andAuCu@PtNSs at different
temperatures.

Sample code Rate constant (min−1)
25∘C 30∘C 35∘C 40∘C

AuNSs 0.009 ± 0.0001 0.019 ± 0.0001 0.04 ± 0.002 0.07 ± 0.0002
AuCuNSs 0.013 ± 0.0001 0.027 ± 0.0002 0.05 ± 0.001 0.095 ± 0.0001
AuCu@PtNSs 0.039 ± 0.0002 0.05 ± 0.0009 0.59 ± 0.008 0.099 ± 0.0003

3.18 3.20 3.22 3.24 3.26 3.28 3.30 3.32 3.34 3.36

AuCu@PtNSs
AuCuNSs
AuNSs

Ea = 22.4 ± 1.4

Ea = 20.2 ± 1.6

Ea = 17.8 ± 1.3
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Figure 4: Arrhenius plots for the catalytic reduction of 4-
nitrophenol with 100mM BH at temperatures of 25∘C, 30∘C, 35∘C,
and 40∘C.

independent of the concentration of NaBH
4
. After adding

NaBH
4
into the aqueous solution of 4-NP, the color of the

solution changed from light yellow to dark yellow due to
the formation of 4-nitrophenolate ion. Then, the color of the
4-nitrophenolate ions faded with time after the addition of
AuCuNSs. The progress of the reaction could be monitored
by UV-vis spectroscopy. The characteristic peak of 4-NP at
400 nm decreased, while at 315 nm a new peak appeared
which was assigned to 4-AP (Figure 2(b)) with the progress
of reaction. The reaction was finished within 12min at 25∘C.
The reaction did not proceed in this period in the absence
of AuCuNSs. In Figure 2(b), decrease in absorbance of 4-NP
peak from a value of 2.13 to 0.12 in the presence of AuCuNSs
is obvious within 15min of the reaction time, which shows
faster reaction kinetics than in the presence of AuNSs where
a decrease in absorbance occurred in 30min from a value of
2.8 to 0.35.

The catalytic reduction of 4-NP is obvious in the presence
of AuCu@PtNSs (Figure 2(c)). In this case, the decreasing
trend in the peak value is observed at 400 nm and a new peak
at 315 is indicative of 4-AP production as the result of reduc-
tion reaction [12–15]. Also the SPR of AuCu@Pt nanospheres
in the range of 608–615 nm is present showing the stability of
nanocatalyst even after the reaction is completed.

3.2. Kinetics of Reaction. Reaction follows pseudo first-order
kinetics. To calculate the rate constants, different experiments
by varying the reactant concentrations ratios were performed
under pseudo first-order kinetics. The rate constant was
evaluated by plotting ln𝐴 (where 𝐴 is the absorbance of 4-
nitrophenolate ion at any time 𝑡) versus time and the slope
values of the straight lines estimate the rate constants

ln𝐴 = ln𝐴
0
− 𝑘𝑡, (1)

where𝐴 is absorbance of 4-NP, 𝑡 is time, and𝑘 is rate constant.
Plotting ln𝐴 versus time in Figure 3, pseudo first-order rate
constant values were obtained [13, 14] (also see Table 2). It was
observed that the rate constant for the degradation of 4-NP
was greater at higher temperatures, that is, 35∘C and 40∘C,
and also the core-shell AuCu@Pt nanocatalyst offered better
values of rate constants owing to the synergistic effects of the
core and shell strategy.

Reduction of 4-NP on AuNPs has been demonstrated
to follow Langmuir-Hinshelwood mechanism statistics [34].
In this mechanism, both reactant molecules adsorb on the
surface of NPs before undergoing the bimolecular reaction.
When NaBH

4
is in excess, the rate is controlled by the

adsorption of 4-NP, only. In the case of bimetallic AuCu
nanoalloys, adsorbed molecules may diffuse and desorb
from the surface; therefore, at higher temperature rate of
desorption of molecules is faster, resulting in a higher value
of rate constant as compared to that of pure AuNSs [15].

Increase in the kinetic data is rapid for 30–35∘C tem-
perature range. It can be correlated with the fact that this
reaction is most favorable at 30–35∘C in the presence of
AuCu@Pt nanocatalysts.This kind of result was also obtained
in previous experiments for Pd nanoalloys for the same
reaction [31].

The activation energy was calculated using Arrhenius
equation [9]:

ln 𝑘 = ln 𝑘
0
−
𝐸
𝑎

𝑅𝑇
. (2)

In this case, ln 𝑘 (rate constant) were plotted against 1/𝑇
(Kelvin); the frequency factor 𝑘

0
and 𝐸

𝑎
were obtained from

intercept and slope of straight line, respectively (Figure 4).
Previously oligomer functionalized AuNPs of almost the

same diameter were subjected to 4-NP reduction reaction
under the same conditions as the current one [35]. A
comparison of resultant data with current experiments has
shown that rate constant of 2.32 × 10−3 s−1 with oligomer
functionalized AuNPs is increased to 9 × 10−3 s−1 proving
higher catalytic activity of currently synthesized Au nanocat-
alyst.
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Figure 5: HRSEM for Au (a), AuCu (b), and AuCu@Pt (c) nanospheres.

4. Conclusions

In this study, the synthesized nanospheres of Au, AuCu, and
AuCu@Pt were subjected to catalyzing the reduction reaction
of 4-nitrophenol to aminophenol. The catalytic activities of
Au, AuCu, and AuCu@PtNSs were compared for their rate
of reduction of 4-NP. It was shown that AuCu@PtNSs were
the most active catalyst for this reaction. This study has also
elucidated a synergistic catalytic effect when AuCu is alloyed
with a Pt shell for the reduction of 4-NP. The catalysis is
attributed to the dominant behavior of the catalyst surface
with bifunctional character with an electronically modified
surface [36]. The temperature-dependent rate constant of
this catalytic reduction reaction has been studied in the
temperature range of 25–40∘C and it was found that the
rate of reduction was enhanced for AuCu@PtNSs at higher
temperature, thus manifesting the stability of core-shell NSs.

It was anticipated that the reduction of 4-NP may have
been controlled by the surface properties of the Au and
its alloy nanoparticles. The morphological difference of the
Au, AuCu, and AuCu@Pt nanospheres may pose different
catalytic activities as has been observed for the 4-NP reduc-
tion; see the HRSEM shown in Figure 5 which are markedly
different.The triangular shape indicates alloy core with a shell
of Pt; both of these alloy core and monometallic shells are

hence responsible for synergistic enhancement of catalytic
reduction reaction (Figure 5).
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