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ABSTRACT: In this work, we present a modified simultaneous growth
and self-aggregation method that produces ceria and silver Janus
nanoparticles for the conversion of 4-nitrophenol, a chemical widely used
in several industries. The nanoparticles had cerium-to-silver ratios ranging
from 0 to 1.35 and well-defined heterodimer morphologies. By controlling
the growth conditions, we have manipulated the interface between ceria
and silver, maximizing its exposure to the chemical reactants and increasing
the reaction rate constants between 2- and 4-fold. Taken together, these
results can inform the design rules to achieve better performing hybrid
nanocatalysts.

KEYWORDS: nanocatalysts, Janus nanoparticles, hybrid nanoparticles, ceria, silver nanoparticles, catalysis

Many industrial processes, from synthesis of pharmaceut-
icals to petroleum refining, require the use of

catalysts.1,2 In this context, metal nanocrystals offer unique
opportunities, as they display strong catalytic performances
and high surface-to-volume ratios, which can be enhanced by
tailoring their size and shape.3,4 While traditional nanocatalysts
used to be made of single elements, such as silver or platinum,
in recent years multicomponent nanoparticles have attracted a
lot of attention, as they can present advanced multi-
functionalities.5,6 For example, silver and ceria nanocomposites
take advantage of the strong catalytic activity of the former
(due to its electronic cloud) and the rich redox behavior of the
latter because of the oxygen vacancy defects generated when
shifting between Ce(III) and Ce(IV) oxidation states. Hence,
ceria and silver nanocomposites have been explored in
heterogeneous catalytic reactions, including alcohol oxidation,
soot oxidation and nitrophenol reduction,7−9 and photo-
catalytic reactions.10

The synthesis of nanoparticles that simultaneously display
noble metal and ceria parts is particularly challenging, as noble
metals and ceria tend to grow separately because of their low
affinity and strong immiscibility. Recent developments in wet
colloidal synthesis have started to overcome those limitations
through redox coprecipitation,11 seed-mediated approaches,12

and simultaneous growth and self-aggregation methods.13,14

Nevertheless, when combining the two components in a single
catalyst, it is important to preserve their individual features.
For example, the reported catalytic performance of ceria and
noble metal nanoparticles is widely variable in the literature,
ranging from highly catalytic to poorly catalytic.9,10,13,15,16 This
variation is believed to be caused by the degree of interface
exposure because (nano)ceria is not catalytic13,16 and needs to

be in close contact with the metal. For instance, if the ceria
shell covers the noble metal core, the resulting nanocomposite
shows poorer catalytic activity.13 Hence, fine control over the
nanoparticle structure is necessary to maximize the access of
the reagents to the interface between ceria and silver and
promote the reactions.
Here, we present a modified one-pot method to prepare

hybrid ceria and silver nanocrystals with heterodimer
structures via simultaneous growth and self-aggregation
(Scheme 1). By controlling the growth conditions, we
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Scheme 1. Synthesis and Catalytic Performance of Janus
Nanoparticles
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manipulated the morphology of the nanoparticles and
engineered the interface between ceria and silver to maximize
the conversion of 4-nitrophenol into 4-aminophenol. The
latter is a chemical widely used in the production of
pharmaceuticals, dyes, and lubricants, and its synthesis via 4-
nitrophenol hydrogenation only occurs in the presence of
catalysts.17 We identified that there is an optimal ratio between
silver and ceria, which maximizes interface exposure to the
chemical reactants, yielding greater catalytic rate constants.
Beyond this optimal point, larger amounts of ceria in the
hybrid nanoparticles have a detrimental effect, as ceria starts
covering the silver parts, quenching its catalytic effect.
Janus nanoparticles made of ceria and silver were

synthesized via one-pot synthesis in aqueous media. Silver
nitrate and cerium(III) nitrate were mixed in a solution of
sodium citrate and refluxed for 3 h (for details refer to the
Experimental Section in the Supporting Information). Citrate
acts as both reducing and stabilizing agent of silver ions.
Moreover, citrate molecules complex cerium(III) ions, which
undergo oxidation and hydrolysis before depositing on the
silver nanoparticles.14 The resulting solutions had a brown-

yellow color, and their UV−vis spectra (Figure 1a) displayed
bands centered at 278 and 422 nm, which are characteristic of
ceria and silver nanoparticles, respectively.18−20 The Janus
nanoparticles (CeAg-1) had heterodimer structures made of
silver and ceria components with ferret diameters of 18 ± 4
and 35 ± 6 nm, respectively (Figure 1b). In addition, the molar
ratio between Ce and Ag was 0.95 (Table S1), as determined
by nanoparticle acidic digestion and mass spectrometry
(following a previous published protocol21−23).
Interestingly, ceria did not form shells on top of silver

nanoparticles, likely due to the large lattice mismatch between
silver and ceria (lattice parameters of 4.09 and 5.41 Å,
respectively24,25), which favored the formation of heterodimer
nanoparticles rather than core−shell ones. Nevertheless,
despite the lattice mismatch, the majority of nanoparticles in
the sample (94%) were formed by both ceria and silver
components, as observed by electron microscopy. High-
resolution transmission electron microscopy demonstrated
the crystal structure of CeAg-1, where characteristic (111)
planes of both silver and ceria were observed (Figure 1c).
Moreover, the elemental composition and heterodimer

Figure 1. Characterization of Janus CeAg-1 nanoparticles. (a) UV−vis spectrum of nanoparticles in aqueous solution. (b) Bright field and (c) high-
resolution transmission electron microscopy images of CeAg-1. The insets show the characteristic (111) crystal planes of ceria and silver. (d) High-
angle annular dark-field electron micrograph and elemental mapping of representative CeAg-1 nanoparticle.

Figure 2. Catalytic performance of Janus CeAg-1 nanoparticles. (a) UV−vis spectrum of 4-nitrophenolate hydrogenation in the presence of CeAg-1
and 600-fold excess of sodium borohydride. (b) Catalytic kinetics of 4-nitrophenolate conversion in the presence and absence (control) of CeAg-1
(12 μg of CeAg-1). (c) Reuse of CeAg-1 in multiple catalytic cycles. In order to accelerate the catalytic reaction, the catalyst amount was increased
(48 μg of CeAg-1). Arrows indicate time points when fresh 4-nitrophenol was added into the solution.
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structure of CeAg-1 were further confirmed by elemental
mapping via energy-dispersive X-ray spectroscopy (Figures 1d
and S1).
The catalytic performance of CeAg-1 was evaluated by

measuring the conversion of 4-nitrophenol to 4-aminophenol
by sodium borohydride in water. The reaction can be easily
monitored under basic conditions by UV−vis spectroscopy
because 4-nitrophenolate (anionic form of 4-nitrophenol)
displays a characteristic band centered at 400 nm that
disappears when the reagent is hydrogenated. The addition
of CeAg-1 into a solution containing 4-nitrophenolate and
sodium borohydride caused a gradual decrease (increase) of
the band at 400 nm (310 nm), indicating the catalytic
reduction of 4-nitrophenolate (Figure 2a). However, in the
absence of CeAg-1 (control), the reaction did not progress
(Figure 2b). The 600-fold excess of sodium borohydride with
respect to 4-nitrophenolate allowed to consider the catalytic
conversion as pseudo-first-order reaction (Figure S2). Thus,
we calculated a normalized rate constant (knor) for CeAg-1 of
4493 g−1 s−1 M−1, which is greater than the knor of other
common nanocatalysts, including platinum, palladium, and
gold nanoparticles (Table S2).26,27 The kinetic data also
showed an induction time of 16 min. Induction times in the
order of minutes had been commonly reported in the literature
for other nanocatalysts.28−30 Although this phenomenon is still
not fully understood, it seems to be defined by multiple factors,
including the concentration of catalyst and reagents in
solution,31,32 the adsorption rate of reagent on the nanoparticle
surface,33 and reagent-induced restructuring of the nano-
particle surface.34,35

Next, we confirmed that CeAg-1 could be reused in multiple
consecutive catalytic cycles (Figure 2c). 4-Nitrophenol was
repeatedly added into a solution that contained the nano-
particles and a large excess of sodium borohydride and sodium
hydroxide. The new 4-nitrophenol was spiked in the solution
after the reagent from the previous cycle had been totally
consumed. This process was performed in nine occasions
resulting in complete 4-nitrophenol consumption.

As previously described, the catalytic performance of ceria
and noble metal nanoparticles is widely variable in the
literature,9,10,13,15,16 as it has been hypothesized that ceria
may be beneficial or detrimental depending on its content and
its distribution on nanoparticles. Hence, we decided to explore
the role of ceria on the performance of our heterodimer
nanocatalyst by synthesizing four nanoparticle samples with
different proportions of Ce(NO3)3 and AgNO3. After the
washing step, the elemental compositions of the nanoparticles
were characterized by mass spectrometry (Table S1). The four
nanoparticle types (Figure 3a) had Ce to Ag molar ratios of
0.00, 0.51, 0.95, and 1.34 and were labeled as Ag, CeAg-0.5,
CeAg-1, and CeAg-1.5, respectively. Except for the Ag sample,
increasing the ratio of cerium(III), increased the size of both
silver and ceria particles (Figure 3b). While it is reasonable that
larger amounts of cerium(III) yield bigger ceria nanoparticles,
their connection to the size of silver nanoparticles is less clear.
We hypothesize that the cerium fluid oxidation state, which
easily switches between +3 and +4, might have affected the
reduction of silver ions and the final nanoparticle sizes.
It is worth noting that increasing the cerium/silver ratio not

only affected the size of ceria and silver particulates, but also
other nanoparticle characteristics, including their spatial
distribution (Figure 3b). As the cerium/silver ratio increased,
so did the fraction of silver nanoparticle covered by ceria,
which ranged from 0 (Ag) to 72% (CeAg-1.5). To identify the
impact of silver exposure on the catalytic performance of the
Janus nanoparticles, we characterized 4-nitrophenolate con-
version in the presence of the different nanocolloids. Although
all Janus nanoparticles promoted the hydrogenation of 4-
nitrophenolate (Figures S2 and S3), they showed rather
different catalytic performances (Figure 3c). On the one hand,
CeAg-0.5 was the best performing nanocatalyst because it
displayed the largest knor. It contained both silver and ceria
components, and a large fraction of the silver particulate (65.5
± 23.8%) was exposed to the medium (not covered by ceria),
allowing its interaction with the reagent. Moreover, CeAg-0.5
also displayed smaller silver particulates, which are likely to be

Figure 3. Effect of nanoparticle morphology on catalytic performance. (a) Transmission electron micrographs of selected nanoparticles. All
micrographs are displayed at the same scale. (b) Size of silver and ceria nanoparticles (AgNP and Ceria NP, respectively) and fraction of silver
covered by ceria. (c) Normalized rate constants (knor) for each nanoparticle.
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more efficient because of their higher surface-to-mass ratio. On
the other hand, CeAg-1 and CeAg-1.5 showed smaller knor than
Ag (bare silver nanoparticles). It is worth noting that silver
nanoparticles are the active components of the nanocatalysts,
and ceria only enhances the performance of silver at their
interface. Ceria by itself has no catalytic activity.13,16 Taking
the above into consideration, we hypothesize that when ceria
covers the majority of the silver nanoparticle surface, it
hampers the interaction between 4-nitrophenolate and silver,
preventing the catalytic reaction. This observation is consistent
with previous studies exploring the use of ceria and other noble
metals.13

In summary, we have exploited a modified one-pot method
to produce hybrid nanoparticles made of ceria and silver via
simultaneous growth and self-aggregation. By controlling the
growth conditions, we were able to manipulate the interface
between ceria and silver, and to identify their effects in the
catalytic conversion of 4-nitrophenol. Our study highlights the
ceria-to-silver ratio of 0.53 as optimal for catalytic performance
because larger ceria content decreased the exposure of silver to
the reactant-rich environment, decreasing the catalytic reaction
rate constants. Hence, our study demonstrates that not only
the components of nanocatalysts are important but also their
spatial distribution and 3D structure. Taken together, we
expect that this work will provide new design rules and
opportunities in the engineering of nanoparticle-based
catalysts.
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