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Ag-Enriched Ag-Pd Bimetallic Nanoframes and Their Catalytic
Properties
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Abstract: We report a facile synthesis of Ag-enriched Ag-

Pd bimetallic nanoframes with ridges as thin as 1.7 nm.
The synthesis involves co-titration of aqueous AgNO3 and

Na2PdCl4 solutions into an aqueous suspension of Ag
nanocubes at room temperature in the presence of ascor-
bic acid and poly(vinyl pyrrolidone). The Ag and Pd atoms
derived from the co-reduction by ascorbic acid are co-de-

posited on the edge and corner sites of Ag nanocubes for
the generation of Ag@Ag-Pd core–frame nanocubes.
When subjected to H2O2 etching, the Ag cores are selec-

tively removed to generate Ag-Pd bimetallic nanoframes
made of ultrathin ridges enriched in Ag. In comparison to

both the Ag nanocubes and Ag@Ag-Pd core-frame nano-
cubes, the Ag-Pd bimetallic nanoframes exhibit markedly

enhanced activity in catalyzing the reduction of 4-nitro-

phenol by NaBH4.

Noble-metal nanoframes have received considerable attention

in recent years owing to their highly open structure and there-
by high specific surface area desired for catalytic applica-

tions.[1–3] In comparison with the solid counterpart, a much
greater proportion of the atoms in a nanoframe are exposed
on the surface, making it feasible to maintain a high dispersion
of active atoms while taking a relatively large overall size. For
example, a nanoframe made of 2 nm thick ridges with an over-

all size of tens of nanometers can still have a specific surface
area (or dispersion of active atoms) as high as that of solid
nanoparticles of 2–3 nm in diameter. Significantly, the increase
in overall size will make the nanoframes less susceptible to de-
tachment from a catalytic support, together with a slower ki-
netics for surface migration or sintering, helping increase the
durability of the catalyst.

Three different strategies have been reported in literature
for the fabrication of noble-metal nanoframes. The first strat-
egy involves the site-selective deposition of a metal on the sur-
face of a template made of another more reactive metal, fol-

lowed by the removal of template. Xia and co-workers are
among the first to demonstrate the fabrication of Rh nano-
frames with the use of Pd nanocubes as templates.[4] This ap-

proach has also been applied to other combinations of noble
metals, including Ag/Au[5–7] and Au/Pt.[8, 9] The success of such

a synthesis critically depends on the abilities to select an ap-
propriate template, to optimize experimental conditions for

site-selected deposition, and finally to remove the template

without compromising the nanoframe structure. The second
strategy relies on the use of a galvanic replacement reaction

between two metals with different chemical reactivity.[10, 11] In
many cases, Ag is often selected to serve as a sacrificial tem-

plate for the deposition of Au. To this end, Xia reported the
formation of Au nanoframes with controlled ridge thickness by

reacting a Au3+ or Au+ precursor with Ag nanocubes.[12, 13] Li

and Kitaev demonstrated the fabrication of Au-Ag bimetallic
nanoframes by templating with Ag octahedra or decahe-

dra.[14, 15] The third approach was mainly developed by Li and
co-workers.[16–18] In a typical process, solid nanocrystals made

of an alloy are subjected to de-alloying under carefully con-
trolled conditions to generate nanoframes with a composition
different from the original alloy nanocrystals. As a most recent

demonstration, Pt3Ni nanoframes with greatly enhanced activi-
ty toward the oxygen reduction reaction were reported by Li,
Yang, and co-workers.[19] Using a similar approach, Lou also
demonstrated the fabrication of PtNi3 nanoframes.[20]

Among these three approaches, the first one would provide
an exquisite control over both the elemental composition and

thickness for the ridges because of the exclusion of de-alloy-
ing. In particular, the composition and thickness of the ridges
can be readily tailored during the deposition process by vary-
ing the type and ratio of atoms being deposited on the surface
of a template. This approach, however, faces a major challenge

in that the template must be made of a metal more reactive
than the metal to be deposited, and as such, the template can

be selectively removed by etching to generate a nanoframe.
Accordingly, for the fabrication of Ag-based nanoframes, one
has to use templates made of Cu or a more reactive metal. In

addition to the difficulty to work with a reactive metal like Cu,
the fabrication process would likely suffer from complications

such as galvanic replacement between the two metals. Herein,
we identify a solution to this dilemma by employing a template
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made of the same metal as in the nanoframe. By introducing
a small proportion of another less reactive metal through co-ti-

tration and co-deposition, the deposited frame can be made
less susceptible toward etching than the template. In a proof-

of-concept experiment, we demonstrate the synthesis of Ag-
enriched cubic nanoframes by templating with Ag nanocubes,

through the assistance of Pd.
Figure 1 outlines a schematic illustration of the fabrication

process, which involves the co-titration of aqueous AgNO3 and

Na2PdCl4 solutions into an aqueous suspension of Ag nano-
cubes (the template) in the presence of ascorbic acid (AA, a re-

ductant) and poly(vinyl pyrrolidone) (PVP, a colloidal stabilizer

and capping agent). For nanocrystals made of a face-centered
cubic (fcc) metal, it is well-established that the surface free en-

ergies of low-index facets decrease in the order of g(110)>

g(100)>g(111).
[21] However, when the Ag{100} facets are passivat-

ed and thus stabilized by PVP, the surface free energies of vari-
ous facets on a Ag nanocube would undertake a new order of
g(110)>g(111)>g(100). As a result, in the initial stage, the Ag and

Pd atoms derived from the reduction by AA would preferen-
tially nucleate on the {110} facets (edges) because they have
the highest free energy. As the reaction progresses with in-
crease in co-titration volume for each precursor, some of the

Ag and Pd atoms newly deposited on the edges could migrate
to the corners covered by {111} facets through surface diffu-

sion. The preferential deposition of atoms on facets with
higher free energies is consistent with our prior observations
in the fabrication of other types of bimetallic nanostruc-

tures.[22, 23] By controlling the amounts of AgNO3 and Na2PdCl4,
we could obtain Ag@Ag-Pd core-frame nanocubes with the Ag

and Pd atoms being deposited at the edges only or at both
edge and corner sites. Because the Ag-Pd alloy is more resist-

ant against oxidative corrosion than pure Ag, we can readily

convert the Ag@Ag-Pd core-frame nanocubes into Ag-Pd cubic
nanoframes with enrichment in Ag by selectively removing the

Ag template in the core with a wet etchant such as aqueous
H2O2.

In a typical synthesis, we first synthesized Ag nanocubes of
39.2�1.6 nm in edge length, together with slight truncation at

the corners (Figure 2 A). We then dispersed the Ag nanocubes
in an aqueous solution containing AA and PVP, followed by
the co-titration of aqueous AgNO3 (0.1 mm) and Na2PdCl4

(0.1 mm) solutions at a relatively slow rate using a syringe
pump under ambient conditions. We specifically focused on
two samples papered with co-titration volumes of 0.4 mL and
0.8 mL, respectively, for each precursor solution. Figure 2 B

shows UV/Vis spectra recorded from an aqueous suspension of
the Ag nanocubes before and after the co-titration. The local-

ized surface plasmon resonance (LSPR) features of the Ag@Ag-
Pd core-frame nanocubes were essentially identical to that of
the Ag nanocubes, indicating that the cubic morphology and

overall size were largely preserved during the deposition of Ag
and Pd atoms. The LSPR peaks of the Ag@Ag-Pd core-frame

nanocubes were slightly broadened relative to the Ag nano-
cubes, together with minor red-shifts from 436 to 445 and

447 nm.

Figure 2 C shows a transmission electron microscopy (TEM)
image of the Ag nanocubes after they had been titrated with

AgNO3 and Na2PdCl4 solutions (0.4 mL for each precursor). We
noticed that the cubic shape was indeed well-preserved and

the edge length of the nanocubes was slightly increased from
39.2�1.6 to 41.2�2.1 nm (Table S1). The increase in size indi-

Figure 1. Schematic illustration of two different types of Ag-Pd bimetallic
nanoframes prepared by templating with a Ag nanocube. The synthesis in-
volves site-selective deposition of Ag and Pd atoms at the corners and
edges, followed by selective removal of Ag template by wet etching.

Figure 2. (A) TEM image of Ag nanocubes with an average edge length of
39 nm. (B) UV/Vis spectra taken from samples obtained by co-titrating the
Ag nanocubes with 0.4 and 0.8 mL, respectively, of AgNO3 (0.1 mm) and
Nd2PdCl4 (0.1 mm) solutions. (C, E) TEM images of the two samples of
Ag@Ag-Pd core-frame nanocubes. (D, F) TEM images of the Ag-Pd nano-
frames obtained by selectively removing the Ag templates in the Ag@Ag-Pd
core-frame nanocubes with 2.3 % aqueous H2O2.
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cates the co-deposition of Ag and Pd layers onto the Ag tem-
plate, with a projected thickness about 1.2 nm. Additionally,

SEM image taken from the as-prepared core-frame nanocubes
(Figure S1) confirmed the absence of voids or pits on each

nanocube. We argued that the co-titration could effectively
impede the galvanic replacement reaction between Ag nano-

cubes and Na2PdCl4 when Ag+ ions are involved in the pro-
cess, which is consistent with our prior findings.[23] After etch-
ing the product with aqueous H2O2 for 1 h, we obtained nano-

frames with thin ridges and small openings situated on the
{111} facets at the corners sites, as indicated by the TEM image
in Figure 2 D. By measuring 100 nanoframes from the TEM
images, we obtained a thickness of 1.7�0.2 for the ridges,
comparable to the value of 1.2 nm that was deduced from the
change in edge length due to Ag/Pd deposition. Using induc-

tively coupled mass spectrometer (ICP-MS), we confirmed that

the nanoframes were made of Ag and Pd with an atomic ratio
of Ag/Pd = 4.2�0.3. This result suggests the formation of Ag-

enriched Ag-Pd bimetallic nanoframes because the 2.3 % H2O2

could not remove Ag from the deposited Ag-Pd alloy.

Figure 2 E shows a TEM image of the Ag nanocubes after
they had been co-titrated with more AgNO3 and Na2PdCl4 solu-

tions (0.8 mL for each precursor). In this case, the Ag nano-

cubes were still kept in the cubic shape while their edge
length was further increased to 42.9�1.9 nm. After etching

with aqueous H2O2 for 1 h, the nanocubes were transformed
into nanoframes with thicker ridges and complete coverage at

the corners, as indicated in Figure 2 F. We believe that Pd and
Ag atoms derived from the co-reduction by AA were initially

deposited on the edges, but they could migrate to the corner

sites for the generation of nanoframes with atoms at both
edge and corner sites. Our ICP-MS analysis indicated that the

atomic ratio of Ag and Pd atoms for the nanoframes was re-
duced to 2.6�0.3. This data suggests that the conversion yield

of Ag precursor was higher than that of Pd precursor in this
synthesis. Figure S2 shows low-magnification TEM images of

samples obtained at co-titration volumes of 0.4 and 0.8 mL, re-

spectively, suggesting that this simple procedure could lead to
the production of nanoframes in high yield. Collectively, our re-

sults demonstrated the feasibility to produce Ag-enriched Ag-
Pd nanoframes with a good control over both morphology
and composition through the co-titration of AgNO3 and
Na2PdCl4.

Based on the standard reduction potentials of Ag+/Ag
(0.79 V) and Pd2 +/Pd (0.98 V) at room temperature,[24] we be-
lieve that co-titration would allow co-reduction of Ag and Pd

precursors by AA to generate Ag and Pd atoms, respectively.
To further understand the role of co-titration in controlling the

co-deposition of Ag and Pd atoms onto Ag template for the
generation of bimetallic nanoframes, we also performed a set

of experiments with different molar ratios between AgNO3 and

Na2PdCl4, [AgNO3]/[Na2PdCl4] , while keeping all the other ex-
perimental parameters unaltered. First, we increased the con-

centration of AgNO3 from 0.1 to 0.2 mm while maintaining
Na2PdCl4 at 0.1 mm to give [AgNO3]/[Na2PdCl4] = 2. Figure 3 A

shows a TEM image of the nanoframes obtained at a co-titra-
tion volume of 0.4 mL for each precursor. In this case, with an

increase in the amount of Ag precursor, we only obtained
broken nanoframes. In this case, more Ag atoms derived from

AA reduction were incorporated into the frames and the
higher content of Ag in the Ag-Pd alloy would make the

frames vulnerable to H2O2 etching, leading to broken nano-

frames.
In comparison, when we used 0.1 mm AgNO3 and 0.2 mm

Na2PdCl4 to attain a ratio of 0.5 for [AgNO3]/[Na2PdCl4] , we ob-
served the formation of nanoframes with uniform thickness at

a co-titration volume of 0.1 mL for each precursor (Figure 3 B).
In this case, more Pd atoms were deposited onto the Ag nano-

cubes, leading to the formation of Ag-Pd alloys enriched in Pd

than the sample shown in Figure 2 D. The etching process
could still successfully remove the Ag template without dam-
aging the frame structure. It is interesting to acknowledge
that, by increasing the co-titration volume for each precursor

to 0.3 mL, we observed the formation of Ag-Pd nanocages
upon removal of Ag core (Figure 3 C). In this case, the Ag and

Pd atoms were migrated onto the {100} facets upon their dep-
osition onto the edges and corners. To further validate the role
of AgNO3, we performed a control experiment by titrating

Na2PdCl4 only into an aqueous suspension of Ag nanocubes in
the presence of AA and PVP. As shown in Figure 3 D, only

broken nanoframes were obtained as the final product due to
the limited amount of Pd deposited at the edge and corner

sites. Collectively, these results suggest that the Ag atoms de-

rived from the reduction of AgNO3 would facilitate the co-dep-
osition of Ag and Pd atoms for the formation of Ag-Pd alloy

frames on the edge and corner sites of a nanocube when sur-
face diffusion is limited, and ultimately protect the frame struc-

ture from breaking during H2O2 etching. Both the ratios and
distributions of Ag and Pd atoms in the Ag-Pd alloy would ulti-

Figure 3. TEM images of the Ag-Pd nanoframes obtained by selectively re-
moving the Ag cores (with 2.3 % aqueous H2O2) from the Ag@Ag-Pd core-
frame nanocubes prepared with (A) 0.4 mL of 0.2 mm AgNO3 and 0.4 mL of
0.1 mm Na2PdCl4, (B) 0.1 mL of 0.1 mm AgNO3 and 0.1 mL of 0.2 mm
Na2PdCl4, (C) 0.3 mL of 0.1 mm AgNO3 and 0.3 mL of 0.2 mm Na2PdCl4, and
(D) 0.4 mL of 0.1 mm Na2PdCl4.
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mately determine the success in the formation Ag-Pd nano-
frames with an unbroken structure and uniform ridge

thickness.
Relative to their solid counterparts, the Ag-Pd bimetallic

nanoframes with a highly open structure also showed greatly
enhanced catalytic activity toward the reduction of 4-nitrophe-

nol (4-NP) to 4-aminophenol (4-AP) by NaBH4. In a typical test,
we prepared catalysts with a co-titration volume of 0.4 mL for
each precursor for the production of bimetallic nanoframes

with Ag and Pd molar ratio of 4.2:1 (see Figure 2 D). Upon the
introduction of 2.6 mg nanoframes (determined by ICP-MS), we

collected a series of UV/Vis spectra (Figure 4 A) to monitor the

decay of the absorption peak of 4-NP at 400 nm as a function
of time. We also collected UV/Vis spectra from 4-NP solutions

as a function of time when the reduction was catalyzed by Ag-
Pd nanoframes with Ag and Pd molar ratio of 2.6 (prepared by

the co-titration volume at 0.8 mL), Ag@Pd-Ag core-frame nano-
cubes (Figure S3 A) and Ag nanocubes (Figure S3B), respective-

ly. The number of catalytic particles was kept the same for

these three different systems. To benchmark the catalytic per-
formance, Figure 4 B exhibits the adsorption (normalized to the

initial value) at the peak position of 4-NP (400 nm) as a function
of time for these four systems. It was found that the reduction

catalyzed by the Ag-enriched Ag-Pd nanoframes under ambi-
ent conditions would give a conversion yield of 98 % over

16 min while the yields were 71 %, 10 %, and 5 % when Ag-Pd
thicker frames, Ag@Pd-Ag nanocubes and Ag nanocubes were

used as the catalysts, respectively. The higher catalytic activity
of the Ag-Pd nanoframes might be related to their unique

frame structure and thus high surface area. Additionally, as in-
dicated in Figure 5, the cubic nanoframes made of Pd-Ag alloy

were mechanically stable and the frame structure was well pre-

served after they had been centrifuged at 55 000 rpm for
30 min or had gone through the catalytic reaction. We believe

that the nanoframes made of Ag-Pd alloy would attribute to
the mechanical stability under centrifugation. It is worth men-
tioning that Ag-enriched Ag-Pd nanoframes could become ex-
tremely susceptible to some conditions under which oxidation
could etch Ag from the alloy, leading to the fracture of nano-

frames. Taken together, this new class of hollow and porous al-
loyed nanostructures holds a great promise for catalytic appli-
cations owing to their high specific surface areas and other
unique characteristics different from their individual compo-
nents.[25–27]

In conclusion, we have demonstrated the synthesis of

Ag@Ag-Pd bimetallic nanocubes with a core-frame structure

by confining the co-deposition of Ag and Pd atoms to the
edge and corner sites of a Ag nanocube template. We estab-
lished that the co-titration of AgNO3 and Na2PdCl4 in the pres-
ence of AA would result in co-reduction for the generation of

both Ag and Pd atoms, followed by their subsequent co-depo-
sition in the form of a Ag-Pd alloy on the edge and corner

sites of a Ag cubic template. By using 2.3 % aqueous H2O2 to
selectively remove the Ag template in the core but not all the
Ag in the alloy frame, we transformed the Ag@Ag¢Pd core-

frame nanocube into a Ag-enriched Ag-Pd nanoframe. Despite
the highly open structure and ultrathin ridges, the nanoframes

had great mechanical stability. They also showed high catalytic
activity toward the reduction of 4-NP by NaBH4. We believe

this strategy, based on site-specific overgrowth and selective

etching, can be further extended to other systems to generate
alloy nanoframes with unique catalytic properties.

Figure 4. (A) UV/Vis spectra taken from a 4-NP solution at different time in-
tervals after the introduction of the Ag-Pd bimetallic nanoframes shown in
Figure 2 D. The spectra were obtained by subtracting the absorbance of the
Ag-Pd nanoframes from the as-collected spectra. (B) Comparison of 4-NP re-
duction as a function of time for three different types of catalysts: Ag nano-
cubes (triangles), Ag@Ag-Pd core-frame nanocubes (stars), and Ag-Pd nano-
frames prepared by the co-titration volume of 0.4 mL (squares) and 0.8 mL
(circles)

Figure 5. TEM images of the Ag-Pd nanoframes shown in Figure 2 D after
(A) centrifugation at 55 000 rpm for 30 min and (B) the catalytic reaction
shown in Figure 4, respectively. These results clearly demonstrate that the
nanoframes had good mechanical strength in spite of their very thin ridges.
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Experimental Section

Chemicals and materials

Silver nitrate (AgNO3, 99 + %), silver trifluoroacetate (CF3COOAg,
98 %), sodium tetrachloropalladate(II) (Na2PdCl4, 99.99 + %), poly-
(vinyl pyrrolidone) with an average molecular weight of 29 000
(PVP-29) or 55 000 (PVP-55), ethylene glycol (EG, J.T. Baker), sodium
hydrosulfide hydrate (NaHS·x H2O), aqueous hydrochloric acid (HCl,
37 %), l-ascorbic acid (AA, 99 %), sodium borohydride (NaBH4,
99.99 % +), 4-nitrophenol (4-NP, 98 %) and hydrogen peroxide
(H2O2, 30 wt % in H2O) were all purchased from Sigma–Aldrich and
used as received. All aqueous solutions were prepared using deion-
ized (DI) water with a resistivity of 18.2 MW·cm.

Synthesis of Ag nanocubes

We synthesized Ag nanocubes by employing EG and CF3COOAg as
a solvent/reductant and a silver precursor, respectively. First, we in-
troduced 5 mL of EG into a 100 mL of round bottom flask (ACE
Glass), and the flask was heated to 150 8C under magnetic stirring
in an oil bath. Next, we quickly added 0.06 mL of NaHS (3 mm in
EG). After 2 min, we sequentially introduced 0.5 mL of HCl (3 mm
in EG) and 1.25 mL of PVP-55 (20 mg mL¢1 in EG). After another
2 min, we introduced 0.4 mL of CF3COOAg solution (282 mm in
EG). During the entire process, the flask was capped with a glass
stopper except for the injection of reagents. We used UV/Vis spec-
troscopy to monitor the localized surface plasmon resonance
(LSPR) LSPR peaks of the Ag nanocubes. Once the major LSPR
peak had been located at 436 nm, the reaction was quenched
using an ice-water bath. After centrifugation and washing with
acetone and DI water three times, the nanocubes were re-dis-
persed in DI water for future use.

Synthesis of Ag@Ag-Pd core-frame nanocubes

In a typical synthesis, 2 mL of PVP-29 (29 mg mL¢1) aqueous solu-
tion was pipetted into a 23 mL glass vial, followed by the introduc-
tion of 0.5 mL of aqueous ascorbic acid (AA, 100 mm) and 8 mL Ag
nanocubes (1.01 Õ 1011 particles in total) under magnetic stirring.
Next, different volumes of Na2PdCl4 (0.1 mm) and AgNO3 (0.1 mm)
aqueous solution were simultaneously co-titrated into the reaction
solution at a rate of 0.02 mL min¢1 using a syringe pump. Upon the
completion of co-titration, the reaction solution was magnetically
stirred at room temperature for another 24 h. Finally, the resultant
products were collected by centrifugation at 8000 rpm for 15 min,
washed with DI water three times, and stored in 2.5 mL of DI
water for further use.

Synthesis of Ag-enriched Ag-Pd bimetallic nanoframes

In a standard synthesis, 5 Õ 1010 particles of the as-prepared
Ag@Ag-Pd nanocubes were dispersed in 1.5 mL of 2.3 % H2O2 for
1 h. The resultant Ag-Pd bimetallic nanoframes were centrifuged
and washed twice with DI water and re-dispersed in 0.5 mL of DI
water. The particle concentration of the Ag@Pd-Ag nanocubes was
derived from the particle concentration of the original Ag nano-
cubes prior to reaction, with an assumption that each Ag nano-
cube would generate one Ag@Ag-Pd nanocube with no loss in
terms of number of particles during the washing steps.

Catalytic measurement

In a typical measurement, 2 mL of 0.2 mol L¢1 4-nitrophenol (4-NP,
0.2 mm), 5 mL of DI water, and 1 mL of NaBH4 (50 mg mL¢1, freshly

prepared, ice-cold) were mixed in a 23 mL glass vial, followed by
the introduction of 2.6 mg (determined by ICP-MS) of nanoparticles
to initiate the reaction. UV/Vis spectra were recorded at different
time intervals to monitor the progress of the reduction of 4-NP by
NaBH4. The absorption spectra of the solution were measured in
the range of 300–600 nm. The yields of the products were deter-
mined by measuring the change to peak absorbance at 400 nm as
a function of time.

Instrumentation

The UV/Vis spectra were collected using a Cary 50 spectrometer
(Agilent Technologies, Santa Clara, CA). Transmission electron mi-
croscopy (TEM) images were taken using a Hitachi HT7700 micro-
scope (Hitachi, Tokyo, Japan) operated at 120 kV. The elemental
measurements of Au and Ag were performed using an inductively
coupled plasma mass spectrometer (ICP-MS, NexION 300Q, Perkin-
Elmer, Waltham, MA). A conventional centrifuge (Eppendorf 5430)
was used for the collection and washing of all samples.
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