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ced bimetallic nanoparticles: size
and surface plasmon resonance tunability for
enhanced catalytic applications†

Jeremy B. Essner, Charles H. Laber and Gary A. Baker*

We report on a simple and green route toward monometallic (Au or Ag) and alloyed bimetallic AuAg

nanoparticles using citric acid-derived carbon nanodots (C-dots) as the reducing and stabilizing agent.

Simple variation in the initial C-dot : metal ratio yields a smoothly tunable surface plasmon resonance

and the resulting nanomaterials show excellent catalytic activity for 4-nitrophenol reduction which is

fully preserved following 5 months of storage. The Au@C-dot catalyst further demonstrated intrinsic

peroxidase activity.
Metal nanoparticles, especially Au and Ag, have received
increasing attention in recent years owing to their attractive
electronic, thermal, optical, and chemical properties, making
them applicable in a wide range of elds such as catalysis,
biomedicine, photovoltaics, antimicrobials, and surface-
enhanced Raman spectroscopy (SERS).1–6 In particular, their
properties are greatly inuenced by the size, shape, crystal
structure, and composition of the monometallic nanoparticles
(hereaer, referred to as MNPs), which also dictate how the
particles interact with incident light. When the size of the
nanoparticle is substantially smaller than the wavelength of
incident light, it experiences a relatively uniform electric eld,
resulting in a collective oscillation of conduction electrons. This
gives rise to an energy-dependant resonance known as the
surface plasmon resonance (SPR). The optoelectronic properties
of the MNPs can be altered or enhanced by incorporating other
metals into their structure or by the formation of composites or
heterostructures. Indeed, bimetallic NPs (BMNPs) have shown
enhanced properties over their monometallic counterparts
because of a synergetic coupling between the individual metals'
SPRs.7–9 The addition of this second metal can improve the
electronic and absorption properties, giving rise to SPR bands
lying intermediate between the individual MNP SPRs, thereby
enhancing photovoltaic, catalytic, and antimicrobial prospects
for the material. Recently, Haldar et al. reported on the
synthesis of Au@Ag bimetallic core–shell NPs with varying Au
core diameters.8 These researchers showed that the catalytic
efficiency toward the reduction of 4-nitrophenol (4-NP) varied
with the Au core size, however, the bimetallic core–shell NPs
were still up to 12 times more active than their monometallic Au
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counterparts. In similar vein, our group recently demonstrated
a green, sunlight-assisted approach toward the generation of
bimetallic AgAu alloys decorated onto 3-aminopropyl-func-
tionalized magnesium phyllosilicate nanoclay sheets.9 In this
work, the bimetallic-decorated aminoclays possessed superior
catalytic and antibacterial activity compared to their pure Ag or
Au NP decorated analogues.

Historically, approaches such as laser ablation10 and chem-
ical reduction (e.g., NaBH4,11,12 hydrazine13) were commonly
employed to generate MNPs but these methods required either
timely, complex, resource-limited equipment, or hazardous
chemicals to carry out the reduction. This scenario impelled
researchers to shi toward simple, environmentally-friendly,
and cost-effective approaches for synthesizing various MNPs,
including consideration of phytochemicals found in plant and
fruit extracts as the reducing and stabilizing agents.14–23 For
example, Nadagouda et al. presented a greener synthetic
approach for generating both Au and Ag NPs using blackberry,
blueberry, pomegranate, and turmeric extracts, taking advan-
tage of the electron donating capabilities of the antioxidants
present in the extracts.18 Use of these greener reducing agents
has also recently been extended to the formation of bimetallic
AuAg NPs. For example, Kumari et al. used pomegranate juice to
generate both alloyed and core–shell AuAg NPs.24 Recently,
carbon nanodots (C-dots) prepared by various methods have
shown promise as reducing agents towards the formation of Au
and Ag NPs,25–35 owing to their intrinsic abilities to act as elec-
tron donors and/or acceptors.36 For instance, Luo and co-
workers demonstrated that electrochemically-synthesized C-
dots functioned as reducing and stabilizing agents in the
preparation of Au@C-dot nanocomposites that displayed
tuneable particle diameters by varying the chloroauric acid : C-
dot ratio.35 Similarly, Shen et al. reported the reductive capa-
bilities of hydrothermally synthesized C-dots for AgNP growth
This journal is © The Royal Society of Chemistry 2015
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with the resultant AgNP size varying when the silver nitrate : C-
dot ratio was altered.34

Since the serendipitous discovery of C-dots over a decade
ago, research into their formation and application has grown
exponentially due to their many attractive optical and physical
properties, including large red-edge effects (excitation wave-
length-dependant emission), electron donor/acceptor capabil-
ities, high aqueous solubility, large photostability, and low
cytotoxity.37–48 Despite the “green” nature of C-dots, in general,
many synthetic approaches oen involve unsustainable
precursors, harsh acidic/alkaline conditions, high synthetic
temperatures, or extensive pre-/post-treatments which are
inconsistent with the principles of green chemistry, for example
routes involving arc-discharge,38 laser ablation,39 and acid
oxidations.40,41 Therefore, greener synthetic strategies such as
microwave, thermal, or hydrothermal treatment of various
sustainable precursors (citric acid,42,43 urea43) or even low-value
waste materials (e.g., grass,44 fruit peels, such as pomelo,45

watermelon,46 banana,47 orange48) are being aggressively
pursued. Recently, Dong et al. showed that, via a simple thermal
degradation of solid citric acid, one could selectively generate
either C-dots or graphene oxide, depending upon the degree of
carbonization.42

In this communication, we report on the thermal degrada-
tion of solid citric acid to produce C-dots following methods
slightly modied from that reported by Dong and co-workers.
The resultant C-dots were competent reducing agents for the
thermally-assisted formation of AgNPs as well as the ambient-
temperature synthesis of AuNPs. Similar to previous reports,34,35

varying the C-dot : metal salt ratio resulted in different MNP
sizes and morphologies, an inuence reected in the observed
SPRs. Interestingly, the C-dots were also effective for the co-
reduction of both Au and Ag salts to synthesize AuxAgy@C-dot
BMNPs. To the best of our knowledge, this is the rst example of
BMNP formation using C-dots as the reducing and stabilizing
agent. Due to the synergistic effect of the two metals, the Aux-
Agy@C-dot BMNPs showed marked improvements in the cata-
lytic reduction of 4-nitrophenol (4-NP) over its monometallic
Au@C-dot NPs counterpart. Perhaps more surprisingly, the
Ag@C-dot NPs possessed catalytic activities similar to that of
the Au0.5Ag0.5@C-dot NPs.

The detailed experimental procedures and characterizations
of the C-dots are provided in the (ESI†). Briey, 50 g of solid
citric acid (CA) was thermally decomposed at 250 �C for 2 h. The
resultant dark red product was re-dispersed in deionized water,
centrifuged, dialyzed, and then lyophilized. The CA-derived C-
dots displayed properties akin to those of previously reported C-
dots.37,46,48 The citrate-derived C-dots showed an increasing
absorbance with decreasing wavelength (Fig. S1A,† dashed
black line) which arises from the p–p* transition of aromatic
sp2 domains and is likely due to the broad size distribution of C-
dots produced.46,48 Similar to other reported C-dots,37,46 the CA-
derived C-dots displayed excitation wavelength-dependent
emission with a maximum emission occurring near 470 nm
under 350 nm excitation (Fig. S1A†). The emission intensity
increased as the excitation wavelength was increased from 300
to 350 nm aer which it decreased and redshied. The decrease
This journal is © The Royal Society of Chemistry 2015
in emission is further highlighted and quantied by the exci-
tation wavelength-dependent quantum yields (Fig. S1A,† inset).
The resultant CA-derived C-dots were slightly larger than those
typically reported in the literature (1–10 nm),37 ranging in size
from 30–60 nm with some dots reaching 100 nm (Fig. S1B†).

Fourier-transform infrared (FTIR) spectroscopic analysis
indicated that the C-dots possessed hydroxyl, carboxyl, and
epoxide moieties, accounting for their hydrophilicity and
excellent dispersibility in water (Fig. S1C†).42 The large, broad
absorption bands between 3600–3000 cm�1 were assigned to
the stretching vibrations of O–H (nO–H). Well-dened absor-
bance bands appeared between 1800 cm�1 and 1600 cm�1

which were ascribed to the stretching vibrations of C]O (nC]O)
and the skeletal vibrations of aromatic groups (nC]C). The
various peaks between 1300–1000 cm�1 arose from the different
stretching modes of carboxylic, ester, ether, and alcohol moie-
ties (nC–O–C and nC–OH), while the peaks near 2900, 1400, and 915
cm�1 were attributed to aliphatic carbons (nC–H and n]C–H). The
presence of these functionalities account for the long-term
dispersibility of C-dots in water. Due to these surface func-
tionalities and based on previous literature reports,25–35 we
posited that the CA-derived C-dots would likely function as
reducing as well as capping agents in the formation of MNPs.
Aer optimizing the reaction conditions (refer to the ESI† for
specic details), we found that C-dots were capable of directly
reducing HAuCl4 to AuNPs at room temperature whereas Ag
reduction required alkaline conditions and elevated tempera-
tures with the most promising results achieved using 20 mM
NaOH (pH > 10) and a reaction temperature of 100 �C.

For the room temperature reduction of HAuCl4, various
ratios of C-dots : HAuCl4 were tested in two fashions: (1) using a
constant C-dot concentration for varying Au precursor additions
and (2) maintaining a constant HAuCl4 concentration for
varying C-dot additions. A given concentration of HAuCl4 (0.3
mM) with increasing amounts of C-dots (0.05–0.60 mg mL�1)
resulted in increased SPR intensities accompanied by a blue-
shi (indicative of smaller AuNPs) until the C-dot concentration
reached 0.30 mg mL�1, aer which the SPR intensities
remained relatively constant and presented a negligible shi in
wavelength (Fig. S2†). On the other hand, for a given concen-
tration of C-dots (0.30 mg mL�1) plus increasing amounts of
HAuCl4 (0.10–0.60 mM; 0.05 mM increments), the SPR
increased and drastically red-shied (indicative of larger
AuNPs) pointing towards the potential tunability of the resul-
tant AuNPs (Fig. 1B and C). Specically, between Au concen-
trations of 0.10 to 0.35 mM, a slight bathochromic shi arose
accompanied by an increase in SPR intensities while for Au
concentrations greater than 0.35 mM, a large bathochromic
shi in the SPR was apparent. At these higher concentrations of
Au, the SPR intensities increased up to 0.45 mM, aer which the
SPRs decreased and substantial peak broadening occurred
(indicative of larger, more polydisperse AuNPs). Based on these
results, the C-dots appeared to function effectively as both
reducing and stabilizing agents. The results also indicate the
clear potential for ne-tuning the Au SPR (Fig. 1C), and
concurrently the AuNP size, simply by varying the C-dot : Au
ratio.
J. Mater. Chem. A, 2015, 3, 16354–16360 | 16355
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Fig. 1 Representative TEM images of (A) Au@C-dot and (D) Ag@C-dot
NPs. Shown are results for 0.3 mg mL�1 : 0.35 mM and 0.3 mg
mL�1 : 0.30 mM C-dots : metal ratios for Au and Ag reductions,
respectively. The SPR shifts of the resultant particles (B–F) show the
smooth tunability afforded simply by changing the C-dot : metal ratio.
In the case of AuNPs (B and C), the SPR intensity initially increased,
reaching a maximum at a 0.3 mg mL�1 C-dot : 0.45 mM Au ratio. The
increase was also accompanied by a slight bathochromic shift. Higher
Au : C-dot ratios resulted in a continuous red-shift with decreasing
SPR intensity and substantial peak broadening, indicative of larger,
more polydisperse NPs. On the other hand, the AgNPs displayed only a
slight bathochromic shift (E and F) in SPR, with increasing intensities as
the Ag concentration was varied from 0.15 to 3 mM. The lower images
correspond to the Au and Ag samples in (B and C) and (E and F),
respectively.
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The SPR bathochromic shi and peak broadening were
attributed to an increase in particle size and a greater poly-
dispersity, respectively, as evidenced in Fig. S3.† For example,
the 0.20 mM, 0.35 mM, 0.45 mM, and 0.60 mM Au concentra-
tions resulted in 17.8 � 6.4, 26.7 � 10.0, 47.8 � 20.7, and 96.7 �
29.9 nm quasi-spherical particles, respectively. The 0.3 mg
mL�1 : 0.35 mM C-dot : Au ratio is also shown in Fig. 1A.
Moreover, for higher concentrations of Au, large hexagonal and
trigonal plates formed, with a higher amount of plate formation
occurring with increasing Au : C-dot ratios. Although sample
stability initially appeared to decrease for higher Au concen-
trations, the samples could be redispersed easily and the sedi-
mentation was actually linked to the presence of large Au
nanoplates which settled from solution within a couple days.
16356 | J. Mater. Chem. A, 2015, 3, 16354–16360
Indeed, the 0.45 mM and 0.60 mM Au concentrations afforded
266.7 � 99.3 and 528.8 � 214.3 nm plates with approximate
quasi-spherical : plate ratios of 1 : 5 and 1 : 2, respectively. The
increasing formation of large hexagonal and trigonal plates
translated to substantial peak broadening within the UV-Vis
spectra and a bathochromic shi of the SPR, resulting in a color
transition of the solutions from red to blue/purple. Interest-
ingly, the higher Au concentrations still produced a population
of small AuNPs in the 5–20 nm size range (Fig. S3C and D†
insets), however, these particles were relatively rare in these
samples.

To gain additional insight into the reduction process and the
photophysical characteristics of the Au@C-dots, the room
temperature reduction of 0.3 mg mL�1 C-dots : 0.35 mM
HAuCl4 samples was monitored via UV-Vis and uorescence
spectroscopy (Fig. S4†). Aer 180 min, the intensity of the SPR
band (absorbance at 544 nm) was still increasing, although the
SPR growth rate had begun to slow, indicating that the Au
reduction was nearing completion (Fig. S4A† inset; le vertical
axis). Throughout the reduction, the SPR remained consistently
near 544 nm (Fig. S4A† inset; right vertical axis), elucidating
that the increase in absorbance was due to the growth of
additional NPs of a similar size rather than new species pos-
sessing different optical characteristics. Intriguingly, despite
the intrinsic quenching nature of Au, the Au@C-dots retained
�25% of the original uorescence from the C-dot parent
(Fig. S4B†). The inset plot of Fig. S4B† shows that, initially, the
uorescence rapidly decreased but eventually stabilized. Over
the monitoring period, the wavelength of maximum emission
from the C-dots remained relatively constant near 460 nm.

Similar to the case for Au reduction, various C-dot : Ag ratios
were tested at room temperature for potential reduction to
AgNPs. In this case, no AgNP formation was evident even aer a
week's time. Based on its past use in promoting noble metal
reduction,25,34 various concentrations of NaOH (1, 10, and 20
mM) were added and elevated temperatures were employed (30,
50, 70, 90, and 100 �C) in an attempt to drive Ag+ reduction.
Although some AgNP formation was evident at lower tempera-
tures and modest NaOH concentrations, the best results (on the
basis of narrow and intense SPR bands) were achieved at 100 �C
using 20 mM NaOH. Under these conditions, various C-dot : Ag
ratios were assayed. The Ag reductions displayed a decreased
SPR dependency on C-dot : metal ratios compared to their Au
reduction counterparts. When the C-dot concentration was held
constant (0.3 mg mL�1) and increasing amounts of Ag+ were
added (0.15–3.0 mM), the SPR intensity drastically increased
(indicative of increased AgNP formation) whilst showing negli-
gible shi in wavelength (Fig. 1E and F). On the other hand,
when the AgNO3 concentration was held constant at 1.0 mM, for
increasing amounts of C-dots from 0.05–0.60 mg mL�1, the SPR
intensity again increased but displayed a small hypsochromic
shi followed by a slight bathochromic shi (Fig. S5†). In spite
of this slight SPR shi, an increasing Ag : C-dot ratio apparently
generates slightly smaller AgNPs (Fig. S6†). A size analysis,
conducted by counting over 200 particles per sample, resulted
in mean particle sizes of 11.1 � 9.9, 6.9 � 3.4, and 6.0 � 4.0 nm
for the 0.30 mM, 1.0 mM, and 3.0 mM Ag concentrations,
This journal is © The Royal Society of Chemistry 2015
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Fig. 2 (A) Normalized UV-Vis absorbance of the bimetallic AuxAgy@C-
dot NPs showing that as the experimental Au : Ag ratio decreased the
resultant SPR displayed a systematic hypsochromic shift. (B) Extracted
SPR frequencies plotted versus the %Au, further demonstrating the
smooth evolution in SPR wavelength as the Au : Ag ratio was modu-
lated. The sample sets were replicated three times highlighting the
reproducibility of the BMNPs (error bars denote one standard deviation
from the mean), especially at the lower Au concentrations. (C)
Photograph of a series of AuxAgy@C-dot BMNP samples, illustrating a
palette of SPR transitions. The cuvettes correspond to the samples in A
and B from (left) 100% Ag to (right) 100% Au.
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respectively. A representative TEM image for the Ag@C-dot
sample derived from a 0.3 mg mL�1 : 0.30 mM C-dot : Ag
sample is also shown in Fig. 1D.

Both the Ag@C-dot and Au@C-dot NPs, due to their plas-
monic nature, hold prospects for SERS and photovoltaic appli-
cations, but to further enhance the applicability of these
MNPs@C-dots, we attempted to simultaneously reduce both Ag
and Au salts to generate AuxAgy@C-dot BMNPs. The fact that we
were only able to achieve Ag reduction to generate Ag@C-dots
under basic conditions required we tailor our synthetic
approach in order to arrive at BMNPs. Firstly, NaOH was added
to HAuCl4 to produce gold hydroxide, Au(OH)4

�. The C-dot
solution was then heated at 100 �C for 15 min to allow for
thermal equilibration. Lastly, Au(OH)4

� and AgNO3 solutions
were simultaneously injected into the hot C-dot solution and
allowed to react for 15 min. In all instances, the C-dot, NaOH,
and total metal salt concentrations were held constant at 0.3 mg
mL�1, 20 mM, and 1 mM, respectively. Aliquots of 10 mM
HAuCl4 and 10mMAgNO3 weremixed to generate Au : Ag ratios
of 90 : 10, 80 : 20, 70 : 30, 60 : 40, 50 : 50, 40 : 60, 30 : 70,
20 : 80, and 10 : 90 (Fig. 2A). For example, to generate the 50 : 50
Au : Ag BMNP sample, 0.5 mL of 10 mM HAuCl4 was added to 2
mL of 100 mM NaOH which was simultaneously injected,
alongside 0.5 mL of 10 mM AgNO3, into 7 mL of hot C-dot
solution (0.43 mg mL�1). Samples containing 100% Ag were
made in analogous fashion, whereas the preparation of 100%
Au samples involved no addition of NaOH, in accordance with
the Au@C-dot preparation method described earlier. It is
noteworthy that the use of Au(OH)4

� in the absence of Ag+ at 100
�C led solely to the formation of large gold plates. As the Au : Ag
ratio decreased, the SPR uniformly blue-shied, consistent with
the presence of BMNPs (Fig. 2A and B).9,13,24

Reminiscent of the room temperature reduction of 0.6 mM
Au, use of 1 mM HAuCl4 at 100 �C yielded highly unstable
particles which displayed a broad, red-shied SPR. For this
reason, the 100% Au results reported in Fig. 2 were actually
generated from 0.25mMHAuCl4. The effect of Au concentration
on the SPR was subsequently investigated for reduction at 100
�C. These results again reiterate the strong control over the SPR
made possible simply by varying the ratio of Au : C-dots
(Fig. S7†). To verify that the C-dots were indeed responsible for
the reduction of the BMNPs, a control reaction was performed
for a 50 : 50 Au : Ag sample in the absence of C-dots (Fig. S8†).
The lack of both a SPR band and a visible change in solution
color indicated that the C-dots were solely responsible for
accomplishing metal ion reduction.

Both the Au@C-dot and Ag@C-dot NPs displayed larger
particle sizes than all of their bimetallic counterparts (Fig. 3A–C
and S9†). Interestingly, upon the addition of 10% Ag, the
average particle size dramatically decreased from 30.0 � 6.0 nm
for the Au@C-dot NPs to 4.1 � 1.4 nm for the Au0.9Ag0.1@C-dot
NPs. Increasing the Ag : Au ratio within the BMNPs led to
further decreased particle size. For the Au0.7Ag0.3@C-dot,
Au0.5Ag0.5@C-dot, Au0.3Ag0.7@C-dot, and Au0.1Ag0.9@C-dot
BMNPs, the average particle sizes were 3.4� 0.9, 3.3� 1.1, 2.4�
0.8, and 1.9� 0.7 nm, respectively. Although a small decrease in
particle size was present, the dependence of the SPR maximum
This journal is © The Royal Society of Chemistry 2015
on the Au : Ag ratio was primarily related to different levels of
alloying and therefore synergistic plasmonic cooperation
between the two metals.

Energy-dispersive X-ray (EDX) microanalysis of AuxAgy@C-
dot NPs was performed to reveal the average composition of
the BMNPs (Fig. 3D–F). As expected, as the Au : Ag ratio
decreased, the Au peaks became less prominent whereas the
Ag peaks became dominant. Fig. 3G shows that the actual
composition of the AuxAgy@C-dot NPs was nominally the same
as the starting Au : Ag ratios, although for Au : Ag fractions
J. Mater. Chem. A, 2015, 3, 16354–16360 | 16357
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Fig. 3 Representative TEM images and their corresponding EDX
spectra for (A and D) Au@C-dots, (B and E) bimetallic Au0.5Ag0.5@C-
dots, and (C and F) Ag@C-dots. Interestingly, upon the slightest
addition of silver, the NP's average size decreased by a factor of�7 and
remained relatively constant across the Au : Ag composition tested.
(G) Plot showing the extent of alloying between Au and Ag (%Au
measured) within the BMNPs versus the content predicted from the
initial Au : Ag stoichiometry (i.e., %Au theoretical). The dashed line
represents the ideal case where the measured values directly corre-
spond to reagent metallic ratios. In general, the measured content
follows the prediction line. The slight enrichment with Au at higher
initial Au% could be tentatively tied to a small amount of galvanic
replacement in which Ag0 is etched by Au3+.
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greater than 20 : 80, a slight enrichment in Au arose, possibly
due to some galvanic replacement of Ag with Au. The Cu peaks
present in the EDX spectra simply arose from the grids
employed for imaging.
16358 | J. Mater. Chem. A, 2015, 3, 16354–16360
The catalytic activities of the MNPs@C-dots were studied
through the model reduction of 4-nitrophenol (4-NP) to 4-ami-
nophenol (4-AP) using NaBH4 as the reducing agent. The reac-
tion kinetics of the catalytic conversion were monitored by UV-
Vis spectroscopy. The aqueous solution of 4-NP displays little
(pale yellow) to no color with an absorbance band at 320 nm.
Upon the addition of NaBH4, the solution immediately turns
dark yellow due to the formation of the 4-nitrophenolate ion (4-
NPO). The formation of 4-NPO results in an increased absor-
bance accompanied by a bathochromic shi to 400 nm. To test
for catalytic activities, UV-Vis spectra were collected every 5 s
following injection of NaBH4, monitoring the decreased
absorption at 400 nm (i.e., loss of 4-NP). The 4-NP to 4-AP
conversion was unaltered in the presence of the CA-derived C-
dots (5.8 mg mL�1) even aer 30 min, demonstrating that
unmodied C-dots are not catalysts for this reaction (Fig. 4B;
only shown out to 450 s). Upon addition of MNPs@C-dots to the
4-NPO solution, however, a prompt drop in absorbance at 400
nm was observed within seconds, indicating the rapid conver-
sion of 4-NP to 4-AP (Fig. 4A; S10,† panels A and B). The
complete reduction of 4-NP to 4-AP was observed within 120 s,
150 s, and >1000 s for Ag@C-dots, Au0.5Ag0.5@C-dots, and
Au@C-dots, respectively. The reduction mechanism can be
explained through the Langmuir–Hinshelwood mechanism, in
which the analyte of interest (4-NPO) absorbs on the surface of
the MNPs, while the MNPs also react with the BH4

� to form a
metal hydride. The metal hydride then reacts with the sorbed
analyte (4-NPO), facilitating its reduction. Due to the slow
transfer of electrons from the metal hydride to 4-NPO, it is
considered the rate determining step of the reaction.49 This lag
phase or induction time (to) in the reaction rate was minimized
by degassing the 4-NP solution for 20 min to remove any dis-
solved oxygen. Despite this preventative measure, lag phases
were still observed in the Au@C-dot NP samples. In this study,
an excess amount (1000-fold) of NaBH4 (0.2 M, 0.4 mL)
compared to 4-NP was used (0.2 mM, 0.4 mL) so that the
conversion would follow a pseudo-rst-order rate law. Under
these conditions, the apparent rate constants (kapp) for each
catalyst can be estimated from the slopes of the linear correla-
tion of ln(At/Ao) versus time, where Ao is the initial absorbance
and At is the absorbance at time (t). The kapp values for Ag@C-
dot, Au0.5Ag0.5@C-dot, and Au@C-dot catalysts were 2.30 � 0.25
� 10�2 s�1, 1.92 � 0.43 � 10�2 s�1, and 2.54 � 0.30 � 10�3 s�1,
respectively (Fig. 4B). Thus, the Au0.5Ag0.5@C-dot and Ag@C-dot
catalysts showed improved activities (faster 4-NP reduction)
over the Au@C-dot NPs, an outcome attributed to their smaller
sizes and therefore higher surface areas.

All three types of MNPs@C-dots retained their catalytic
activities aer months of storage in a lab drawer. Even aer 5
months of casual, ambient storage, the apparent rate constants
for 4-NP reduction were completely preserved. In fact, surpris-
ingly, the Ag@C-dot and Au0.5Ag0.5@C-dot NPs displayed
statistically meaningful increases in their catalytic rates. The
kapp for the 5 month aged Ag@C-dot, Au0.5Ag0.5@C-dot, and
Au@C-dot catalysts were 3.83 � 0.30 � 10�2 s�1, 2.69 � 0.39 �
10�2 s�1, and 2.98 � 0.22 � 10�3 s�1, respectively (Fig. S10C†).
Since the aged Ag@C-dot and Au0.5Ag0.5@C-dot NPs showed
This journal is © The Royal Society of Chemistry 2015
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Fig. 4 (A) Time-dependent UV-Vis absorption spectra of the NaBH4-
assisted reduction of 4-NP catalyzed by the Au@C-dot NPs. Spectra
were acquired every 5 s but, for clarity, spectra are shown only for
illustrative times. (B) Plots of ln(At/Ao) for 4-NP absorbance at 400 nm
against time for various MNP@C-dot catalysts. Each catalyst was
tested within days of preparation.
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improved catalytic rates over the corresponding freshly
prepared NPs, UV-Vis studies were conducted on both the aged
and freshly prepared NPs to monitor any optical changes
(Fig. S11†). The Au@C-dot NPs essentially remained unchanged
aer 5 months while the aged Au0.5Ag0.5@C-dot and Ag@C-dot
NPs displayed increased absorbance at longer wavelengths,
possibly due to minor nanoparticle aggregation. The slight
particle aggregation upon prolonged storage may have resulted
in catalytic hotspots, accounting for the marginal increase in
catalytic activity of the aged Ag@C-dot and Au0.5Ag0.5@C-dot
NPs. Due to the surprisingly high catalytic rate of the Ag@C-dot
NPs and gold's established reputation as a good catalyst for this
reaction, the improved catalytic rates of the BMNPs could be
attributed to a synergistic effect of Au and Ag nano-domains
within the individual particles, in line with results reported
recently by Ravula et al.9

Lastly, we examined the potential of the MNP@C-dot
samples as peroxidase mimetics toward oxidation of the
peroxidase substrate 2,20-azino-bis(3-ethylbenzothiazoline-6-
This journal is © The Royal Society of Chemistry 2015
sulphonic acid) diammonium salt (ABTS) using H2O2. While
neither Au0.5Ag0.5@C-dots nor Ag@C-dots displayed any meas-
ureable peroxidase activity within 24 h of prospective catalyst
addition, the Au@C-dots demonstrated clear activity. As
summarized in Fig. S12,† addition of Au@C-dots triggered the
formation of green-colored ABTS oxidation product which was
monitored spectrophotometrically at 418 nm. A control experi-
ment carried out using citric acid-derived C-dots alone did not
yield noticeable peroxidase activity. A dramatic increase in the
catalytic velocity was observed in the time-dependent absorp-
tion proles as the Au@C-dot content was increased, validating
the intrinsic peroxidase activity of the Au@C-dots in contrast
with the naked C-dots. Among other things, these data open the
possibility of using hybrid C-dots for selective glucose detection
by coupling with glucose oxidase, for example.

In summary, we have demonstrated a simple and green
approach towards the synthesis of MNPs/BMNPs using C-dots
as the reducing and stabilizing agent. The resultant SPR of the
various MNPs and BMNPs showed a systematic tunability
indicating that the size of NPs can easily be controlled simply by
varying the C-dot : metal ratio. The AuxAgy@C-dot metal
compositions were nominally the same as the starting stoi-
chiometric ratios, pointing to the efficiency of this nanoscale
preparation. Notably, the Ag@C-dot NPs and AuxAgy@C-dot
BMNPs displayed remarkably enhanced catalytic activities over
Au@C-dots for 4-nitrophenol reduction, highlighting the
potential of these materials in various catalytic applications.
Finally, the Au@C-dots showed peroxidase activity not seen in
the unmodied C-dots nor in their Ag@C-dot NPs and Aux-
Agy@C-dot analogs. In the future, these materials might nd
use in additional areas such as surface-enhanced spectros-
copies and plasmon-assisted photovoltaics.
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