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AbstractWe investigated composition-dependent catalytic activity of bimetallic PtPd dendrimer-encapsulated nano-
particles (DENs) that had a uniform size of ~1.7 nm for hydrolytic dehydrogenation of ammonia borane (AB). The
PtPd DENs, composed of seven different Pt : Pd ratios, were synthesized using hydroxyl-terminated sixth-generation
polyamidoamine dendrimers as a molecular template. The dendrimer-templating method allowed for synthesizing
bimetallic PtPd DENs with controllable nanoparticle composition while fixing the size of the nanoparticles uniformly
at ~1.7 nm. Compared with monometallic Pt and Pd DENs, the bimetallic PtPd DENs showed superior catalytic activ-
ity for the hydrolytic dehydrogenation of AB. Furthermore, the bimetallic PtPd DENs exhibited composition-depen-
dent activity with the maximum activity (i.e., average turnover frequency=108.5±15.9 molH2·molatom Pt+Pd

1·min1) at a
Pt : Pd ratio of 1 : 1 for the catalytic hydrolysis of AB.
Keywords: Dendrimer-encapsulated Nanoparticle (DEN), Hydrolytic Dehydrogenation, Ammonia Borane, Bimetallic

PtPd Nanoparticles, Composition-dependent Catalysis

INTRODUCTION

Ammonia borane (AB, NH3BH3) has been one of the most prom-
ising hydrogen storage chemicals for on-board hydrogen storage
applications owing to its high hydrogen capacity of 19.6 wt%, non-
toxicity, and good stability [1,2]. AB can release hydrogen gas as a
clean energy carrier via dehydrogenation pathways such as thermol-
ysis, dehydrocoupling, and solvolysis (i.e., hydrolysis and alcoholy-
sis) of AB [1,3]. In particular, the catalytic hydrolysis of AB has been
considered attractive as an efficient means of rapid hydrogen release
under mild conditions with high hydrogen selectivity for practical
applications including fuel cells [4,5]. Therefore, various metallic
nanoparticle catalysts have been suggested to identify and improve
catalytic methods for hydrolyzing AB [4,6-9]. Bimetallic nanopar-
ticles have attracted particular interest because bimetallization could
make it possible to achieve new catalytic systems not obtainable with
monometallic catalysts as well as to improve catalytic performance
of monometallic counterparts [10-13]. For example, poly(N-vinyl-
2-pyrrolidone)-stabilized PdPt nanoparticles have been reported for
use in the catalytic hydrolysis of AB with an average turnover fre-
quency (TOF) of 125 molH2·molcat

1·min1 [14]. Composition-spe-
cific activity of PdPt nanoparticles supported on electrospun poly-
acrylonitrile nanofibers has been also reported for the hydrolytic
dehydrogenation of AB [15]. In addition, bimetallic PdPt nano-
cubes have been reported as a high-performance catalyst for the
hydrolysis of AB [16]. Recently, more attention has been drawn to

the synergistic catalysis of bimetallic PtPd nanoparticles in the hy-
drolysis of AB [17,18]. However, considering the complexity of most
previous bimetallic nanoparticle catalysts in sizes, shapes, and sup-
port types, there is still a substantial need for efficient bimetallic
catalysts with more uniform sizes and shapes in the absence of sup-
port synergy in order to better understand the effects of composi-
tion-specific bimetallization on the catalytic hydrolysis of AB.

Since zerovalent Cu nanoclusters were prepared using polyami-
doamine (PAMAM) dendrimers as a molecular template [19,20],
the use of dendrimer templates has been demonstrated to synthesize
a variety of metallic nanoparticles encapsulated inside dendrimers
(i.e., so-called dendrimer-encapsulated nanoparticles (DENs)) [21-
25]. Unique features of dendrimers, highly branched and mono-
disperse polymers possessing a central core with repetitive branch-
ing units terminated with a large number of surface functional groups,
makes DENs attractive catalysts for hydrogenation [26,27], dehy-
drogenation [28,29], 4-nitrophenol reduction [30], electrochemical
oxygen reduction [31], and carbon-carbon coupling [32-34] (e.g.,
Heck, Suzuki, and Stille) reactions. In particular, well-defined struc-
tural features of dendrimers provide for high control over nano-
particle size, composition, and structure in dendrimer-templating
synthesis, which is appropriate for the study of effects of the nano-
particle features on catalysis [35,36]. For example, size-specific cat-
alytic activity of Pt DENs has been reported for enhanced oxygen
reduction reaction [37]. In addition, composition-dependent activ-
ity of PtPd DENs has been reported for oxygen reduction reaction
and hydrogenation of 13-cyclooctadine [38-40]. Interestingly, den-
drimers have been also proposed as an attractive host of catalytic
bimetallic nanoparticles such as PtNi and AgCo nanoparticles to
study catalytic activity of the bimetallic nanoparticles in the hydro-
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lytic dehydrogenation of AB [29,41].
In this study, we investigated composition-dependent catalytic

activity of bimetallic PtPd DENs of fairly uniform size (i.e., ~1.7 nm
in diameter) for hydrolytic dehydrogenation of AB (Scheme 1). We
synthesized seven different DENs by co-complexing different ratios
of Pt2+ and Pd2+ precursor ions into the interiors of PAMAM den-
drimers while fixing the total metal ions-to-dendrimer ratio at 180:1
and subsequent chemical reduction of the complexed metal ions.
The resulting PtPd DENs were stable and soluble in water, and
they exhibited different compositions subject to the molar ratio of
the Pt2+ and Pd2+ precursors while having a uniform size of ~1.7 nm.
The bimetallic PtPd DENs exhibited higher catalytic activity for
the hydrolytic dehydrogenation of AB than did their monometal-
lic counterparts (i.e., Pt and Pd DENs). Importantly, the catalytic
activity of the PtPd DENs was controllable with different ratios of
Pt and Pd in the bimetallic DENs; that is, the composition-depen-
dent activity of the PtPd DENs can be optimized simply by adjust-
ing the ratios of Pt and Pd precursor salts in dendrimer-templating
synthesis. The highest activity for the catalytic hydrolysis of AB oc-
curred at a Pt : Pd ratio of 1 : 1 over the different compositions of
PtPd DENs having a uniform size of ~1.7nm with a TOF of 108.5±
15.9 molH2·molatom Pt+Pd

1·min1 in the absence of catalyst supports.

EXPERIMENTAL

1. Chemicals and Materials
Hydroxyl-terminated sixth-generation polyamidoamine dendrimer

(G6-OH), potassium tetrachloroplatinate(II) (K2PtCl4), potassium
tetrachloropalladate(II) (K2PdCl4), sodium borohydride (NaBH4),
ammonia borane (AB, NH3BH3), and dialysis sack (MWCO of
12,000) were purchased from Sigma-Aldrich, Inc. (USA). Addition-
ally, hydrogen chloride (HCl), nitric acid (HNO3) were purchased
from Daejung, Inc. (Korea). All aqueous solutions were prepared
using deionized (DI) water (18 M·cm) (aqua MAX Ultra 370,
Younglin Instrument Co., Korea).
2. Synthesis and Characterization of DENs

Bimetallic PtPd DENs were synthesized in a similar way to the
dendrimer-templating method reported previously [38,39,42]. Briefly,
aqueous solutions of K2PtCl4 and K2PdCl4 were sequentially added
to a 2M aqueous G6-OH solution. The molar ratio of the pre-
cursor Pt and Pd salts was adjusted to n:(180-n) where n=0, 30,
60, 90, 120, 150, and 180, while the final molar ratio of (total metal)-
to-(G6-OH) was fixed at 180 : 1. The mixture was stirred for 72 h
under ambient condition to ensure complete complexation of the
precursor metal ions with the interior amines of G6-OH. This
formed metal ion/G6-OH complexes that we denoted as G6-OH

(Pt2+)n(Pd2+)180-n (n=0, 30, 60, 90, 120, 150, and 180). Then, a ten-fold
molar excess of NaBH4 was added to the G6-OH(Pt2+)n(Pd2+)180-n

complex solution under vigorous stirring. This resulting solution
was kept in a closed vial for 24 h under stirring to allow the com-
plexed metal ions to be fully reduced. Finally, the resulting PtPd
DEN solutions (i.e., G6-OH(PtnPd180-n) (n=0, 30, 60, 90, 120, 150,
and 180)) were dialyzed for 24 h using a cellulose dialysis sack
(MWCO of 12,000) to remove impurities.

After the seven DENs (i.e., G6-OH(PtnPd180-n) (n=0, 30, 60, 90,
120, 150, and 180)) were synthesized, they were subject to full char-
acterization as follows. Transmission electron microscope (TEM)
measurements were performed using a Tecnai G2 F30ST (FEI Co.,
USA) and a Titan Probe Cs (FEI Co., USA). TEM samples were pre-
pared by dropping aqueous samples on 400 mesh carbon-coated
copper grids (Ted Pella Inc., USA) and drying these in air. X-ray
photoelectron spectroscopy (XPS) measurements were carried out
with a K-Alpha X-ray photoelectron spectrometer (Thermo Sci-
entific, USA) using Al K radiation (h=1,486.6 eV). Inductively
coupled plasma-atomic emission spectroscopy (ICP-AES) was per-
formed to characterize the elemental composition of DENs using
an iCAPTM 7200 spectrometer (Thermo Scientific, USA).
3. Catalytic Activity Measurement of DENs in Hydrolysis of
AB

The catalytic activity of G6-OH(PtnPd180-n) (n=0, 30, 60, 90, 120,
150, and 180) DENs was determined by measuring the rate of hy-
drogen generation in hydrolysis of AB at 298K. The catalytic hydro-
lysis reaction was carried out in a laboratory-built dehydrogenation
apparatus that was based on a 100 mL three-necked round bottom
flask connected with a gas pressure transducer, thermal probes, a
dropping funnel, and a gas purging tube. The middle and right
necks of the flask were connected to a dropping funnel for intro-
ducing the AB reactant and a gas tube for purging with nitrogen,
respectively. The left neck was connected to a gas pressure trans-
ducer (Extech SDL 700, Extech Instruments, USA) for real-time
monitoring of pressure change due to generated hydrogen gas. The
reaction temperature was controlled using a temperature control-
ler (TC130P, MTops® Inc., Korea) and heating tapes (MTops® Inc.,
Korea) and monitored with thermal probes (MTops® Inc., Korea).
Prior to the AB hydrolysis, an aqueous DENs solution was placed
in the flask along with a magnetic stir bar. The flask was then thor-
oughly purged with nitrogen gas. After it was confirmed that the
whole apparatus was tightly sealed and the reaction temperature
was steady, 8 mL of aqueous AB solution (31.25 mM) was intro-
duced into the flask using the dropping funnel under vigorous stir-
ring (1,200 rpm) to initiate the AB hydrolysis; the amount of gen-
erated hydrogen gas was determined by measuring the increase in

Scheme 1. Schematic illustration showing the syntheis of bimetallic PtPd DENs with different elemental composition and their use as cata-
lysts for hydrolysis of AB.
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the pressure inside the flask with the gas pressure transducer during
the hydrolysis. The final concentration of catalytic DENs and AB
was 400 nM and 25 mM, respectively.

RESULTS AND DISCUSSION

Seven different G6-OH(PtnPd180-n) (n=0, 30, 60, 90, 120, 150, and
180) DENs were synthesized via co-complexation of Pt2+ and Pd2+

precursor ions (unless indicated otherwise, Pt2+ and Pd2+ ions are
used to represent all possible complex ions) in the interior amines
of G6-OH dendrimers and subsequent reduction of the ions com-
plexed within the dendrimers [38,39,42]. In particular, the elemen-
tal composition of DENs was controlled by adjusting the molar ratio
of precursor Pt and Pd salts to n:(180-n) where n=0, 30, 60, 90, 120,
150, and 180 during the DENs synthesis. Fig. 1 shows the TEM
characterization of the resulting DENs (G6-OH(PtnPd180-n) (n=0, 30,
60, 90, 120, 150, and 180)) in terms of average size and size distri-
bution. The TEM images indicated that the seven different DENs,
including both bimetallic PtPd DENs and monometallic counter-
parts (Pt and Pd DENs), were rarely aggregated and fairly mono-
disperse in size and shape, suggesting stabilization of the nanoparticles
via their encapsulation inside the dendrimers as previously reported
[42,43]. In particular, the average diameters of the DENs were quite
uniform (~1.7 nm) and very close to the theoretical value of 1.73 or
1.72 nm calculated by assuming a spherical geometry of the nano-
particles containing 180 Pt or Pd atoms, respectively [38,44]. The
uniform size of seven different DENs despite their different elemen-
tal compositions is attributable to the similar atomic diameters of
Pt and Pd (i.e., 277 and 275 pm, respectively) [45]. Because of the
fairly uniform size of the G6-OH(PtnPd180-n) DENs, we expected that
their catalytic activity in the hydrolytic dehydrogenation of AB, which
is discussed later, would correlate directly with the compositions of
the DENs.

To elucidate the composition of bimetallic DENs, we conducted
elemental quantification of both Pt and Pd with ICP-AES analysis
of G6-OH(PtnPd180-n) DENs. Fig. 2 shows the measured atomic ratio
of Pt and Pd (i.e., Pt/Pd) in bimetallic DENs according to the molar
ratios (i.e., n values in G6-OH(PtnPd180-n)) of the precursor Pt and
Pd salts (in the present study, K2PtCl4 and K2PdCl4) used to syn-
thesize the bimetallic DENs. The ICP-AES measurements verified
that the measured atomic ratios of Pt and Pd agreed well with the
anticipated values on the basis of the molar ratios of the precursor
metal salts used for the synthesis, which is consistent with other
bimetallic nanoparticles synthesized previously using dendrimer
templating [41,42,46]. The elemental composition of bimetallic DENs
was further confirmed with XPS measurements. Similar to the
ICP-AES results, the XPS study of bimetallic DENs indicated that

Fig. 1. TEM images of (a) G6-OH(Pd180), (b) G6-OH(Pt30Pd150), (c) G6-OH(Pt60Pd120), (d) G6-OH(Pt90Pd90), (e) G6-OH(Pt120Pd60), (f) G6-OH
(Pt150Pd30), and (g) G6-OH(Pt180) DENs. Insets in panel show size-distribution histograms of the G6-OH(PtnPd180-n) (n=0, 30, 60, 90,
120, 150, and 180).

Fig. 2. Atomic ratios of Pt and Pd as a function of n values in G6-
OH(PtnPd180-n) (n=30, 60, 90, 120, and 150).
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the molar ratios of the precursor metal salts used for the synthesis
were reflected in the actual compositions of the bimetallic DENs
(Supplementary Material, Fig. S1 and Table S1). The XPS analysis
of monometallic counterparts (i.e., Pt and Pd DENs) also verified
the monometallic compositions of the DENs with only Pt or Pd
(Supplementary Material, Fig. S1 and Table S1).

In addition, we performed elemental analysis of bimetallic DENs
at the single-particle level to reveal the composition of bimetallic
DENs. Fig. 3 shows a high-angle annular dark field-scanning trans-
mission electron microscopy (HAADF-STEM) image and corre-
sponding STEM-energy dispersive X-ray spectroscopy (STEM-EDS)
elemental mapping images of a representative bimetallic DEN (e.g.,
G6-OH(Pt90Pd90)). As shown in Fig. 3(d), the single-particle elemen-
tal mapping measurement of G6-OH(Pt90Pd90) confirmed that both
Pt and Pd were evenly present within the single nanoparticle, indi-
cating that the G6-OH(Pt90Pd90) DENs were bimetallic nanoparti-
cles rather than physical mixtures of monometallic nanoparticles.
It is also worth noting that the bimetallic nanoparticles eventually
decomposed when they were exposed to electron beam irradiation
during the STEM-EDS measurements, which restricted high-reso-
lution elemental mapping of the nanoparticles as reported previously
(Supplementary Material, Fig. S2) [47,48]. The crystalline structure
of G6-OH(Pt90Pd90) was also characterized by high-resolution trans-
mission electron microscopy (HRTEM). A typical HRTEM image
on the single G6-OH(Pt90Pd90) DENs showed lattice fringes (Sup-
plementary Material, Fig. S3), indicating the bimetallic nanoparti-

cles were crystalline. The fringes with a lattice spacing of ~0.224 nm
can be indexed to the {111} planes of a face-centered cubic (fcc)
lattice when considering the values of lattice fringes for Pt (~0.226
nm) and Pd (~0.220 nm) [49,50]. The formation of a single-crys-
tal PtPd bimetallic nanoparticle was attributable to the negligible
lattice mismatch between Pt and Pd [51].

After confirming the controllable composition of G6-OH(PtnPd180-n)
(n=0, 30, 60, 90, 120, 150, and 180) DENs with a uniform size at
~1.7 nm, we quantitatively investigated the catalytic activity of G6-
OH(PtnPd180-n) DENs as a function of their elemental composition.
Fig. 4(a) shows time-dependent profiles of hydrogen generation from
aqueous AB at 298 K in the presence of G6-OH(PtnPd180-n) DENs
at a DENs/AB molar ratio of 1.6×105 by catalytic hydrolysis of AB.
Both bimetallic PtPd DENs and monometallic counterparts cata-
lyzed the hydrolytic AB dehydrogenation with the release of 3 molar
equivalents of hydrogen per mole of AB, indicating complete gen-
eration of hydrogen from AB. The monometallic Pt DENs exhib-
ited higher catalytic activity than that of the monometallic Pd DENs,
indicating that Pt is more catalytic than Pd for the dehydrogenation
of AB as reported previously [16,52]. But Pt DENs still required more
than 26 min to complete the hydrolytic dehydrogenation of AB,
whereas the time was significantly shortened in the presence of the
bimetallic PtPd DENs. Moreover, the bimetallic PtPd DENs dis-
played different hydrolytic dehydrogenation rates depending on
the elemental composition of PtPd DENs. The G6-OH(Pt90Pd90)
DENs in particular dramatically shortened the hydrolysis reaction

Fig. 3. (a) HAADF-STEM image and (b), (c) corresponding STEM-EDS elemental mapping images of Pt and Pd, respectively, for G6-OH
(Pt90Pd90). (d) EDS line profile obtained along the solid red line shown in part (a).
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time to less than 11 min, revealing the enhanced catalytic activity
of G6-OH(Pt90Pd90) with the hydrolytic dehydrogenation rate of
9.4 LH2·molAB

1·min1. To quantify the catalytic activity of G6-OH
(PtnPd180-n) DENs, we measured the TOFs of hydrogen generation
over G6-OH(PtnPd180-n) DENs based on the initial rates of hydro-
gen generation at 298 K. Fig. 4(b) shows a volcano curve of TOFs
as a function of n values in G6-OH(PtnPd180-n) DENs, indicating a
strong dependency of TOF on the composition of DENs. The G6-
OH(Pt90Pd90) DENs exhibited the highest catalytic activity with a
TOF of 108.5±15.9 molH2·molatom Pt+Pd

1·min1 for generating hydro-
gen from the catalytic hydrolysis of AB. The TOF of G6-OH(Pt90Pd90)
was much higher than those of monometallic Pt and Pd DENs (i.e.,
32.5±7.9 and 20.5±2.1molH2·molatomPt+Pd

1·min1, respectively). Inter-
estingly, the TOF of G6-OH(Pt90Pd90) was also higher than that (i.e.,
79.0±7.2molH2·molatomPt+Pd

1·min1) of a physical mixture of mono-
metallic G6-OH(Pt90) and G6-OH(Pd90) DENs (Fig. 5), indicating
that the high catalytic activity of G6-OH(Pt90Pd90) arose from the
synergistic effect of the bimetallic PtPd DENs [15,38,42]. The higher
TOF of G6-OH(Pt90Pd90), in comparison with that of the physical
mixture of G6-OH(Pt90) and G6-OH(Pd90) DENs, further verified
that the G6-OH(Pt90Pd90) DENs are bimetallic as discussed in the

Fig. 4. (a) Time-dependent profiles of hydrogen generation from aqueous AB solutions in the presence of G6-OH(PtnPd180-n) (n=0, 30, 60, 90, 120,
150, and 180) DENs. (b) TOF of G6-OH(PtnPd180-n) (n=0, 30, 60, 90, 120, 150, and 180) DENs as a function of n in G6-OH(PtnPd180-n).
DENs/AB=1.6×105.

Fig. 5. Comparison of time-dependent profile of hydrogen genera-
tion from aqueous AB solutions in the presence of a physical
mixture of monometallic G6-OH(Pt90) and G6-OH(Pd90)
DENs with the time-dependent profile of bimetallic G6-OH
(Pt90Pd90) shown in Fig. 4(a). Inset compares TOF of the bime-
tallic G6-OH(Pt90Pd90) shown in Fig. 4(b) with that of the phys-
ical mixture of monometallic counterparts. DENs/AB=1.6×
105.

Fig. 6. (a) Arrhenius plots for G6-OH(PtnPd180-n) (n=0, 30, 60, 90, 120, 150, and 180) DENs. (b) Ea of G6-OH(PtnPd180-n) (n=0, 30, 60, 90, 120,
150, and 180) DENs as a function of n in G6-OH(PtnPd180-n). DENs/AB=1.6×105.
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single-particle elemental mapping measurement of G6-OH(Pt90Pd90)
earlier [42].

To determine the activation energy (Ea) of G6-OH(PtnPd180-n)
(n=0, 30, 60, 90, 120, 150, and 180) DENs for the hydrolytic dehy-
drogenation of AB, we performed kinetic studies of AB hydrolysis
in the presence of G6-OH(PtnPd180-n) at different temperatures in
the range of 298-313 K. After determining the values of rate con-
stant k at different temperatures, we plotted the Arrhenius plots
(i.e., lnk vs. 1/T) for the G6-OH(PtnPd180-n) DENs (Fig. 6(a)). From
the Arrhenius plots, we calculated Ea for the AB hydrolysis cata-
lyzed by the DENs (Fig. 6(b)), indicating different values of Ea de-
pending on n in G6-OH(PtnPd180-n) DENs. The different Ea values
were in accordance with the strong dependency of TOF on the com-
position of the DENs as discussed earlier. In particular, the G6-
OH(Pt90Pd90) exhibited the lowest Ea of 47.8±3.0 kJ/mol for the AB
hydrolysis of all the G6-OH(PtnPd180-n) DENs we studied, suggest-
ing the highest activity of G6-OH(Pt90Pd90) for the catalytic hydro-
lysis of AB.

CONCLUSION

We have described composition-dependent catalytic activity of
bimetallic PtPd DENs having a uniform size of ~1.7 nm for hydro-
lytic dehydrogenation of AB. We synthesized the DENs via co-
complexation of Pt2+ and Pd2+ precursor ions at seven different molar
ratios with the interior amines of G6-OH dendrimers and subse-
quent reduction of the precursor ions complexed within the den-
drimers. The resulting DENs were composed of seven different
Pt :Pd ratios, and their elemental compositions were adjustable sim-
ply by changing the molar ratios of the precursor Pt and Pd metal
salts used for synthesizing the DENs while maintaining their sizes
as uniform. Specifically, the DENs composed of different Pt : Pd
ratios had a uniform size of ~1.7 nm, which allowed direct correla-
tion of the DENs’ compositions with the catalytic activity for the
hydrolytic dehydrogenation of AB. The bimetallic PtPd DENs exhib-
ited not only superior catalytic activity to that of the monometallic
Pt and Pd DENs but also composition-dependent activity for the
catalytic hydrolysis of AB. The highest catalytic activity of the bime-
tallic PtPd DENs occurred at a Pt : Pd ratio of 1 : 1 (i.e., G6-OH
(Pt90Pd90)) with a TOF of 108.5±15.9 molH2·molatom Pt+Pd

1·min1 for
the hydrolytic dehydrogenation of AB. This is a significant finding
because the composition-dependent activity of PtPd DENs reflects
the composition-specific bimetallization effect on the catalytic hy-
drolysis of AB without being compromised by heterogeneity of
catalyst sizes.
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Fig. S1. Wide-scan XPS spectra of G6-OH(PtnPd180-n) (n=0, 30, 60, 90, 120, 150, and 180) DENs. Blue and red circles indicate the characteris-
tic XPS peaks of Pd and Pt, respectively.

Table S1. Atomic ratios obtained from XPS measurements for G6-OH(PtnPd180-n) (n=0, 30, 60, 90, 120, 150, and 180) DENs
G6-OH(Pd180) G6-OH(Pt30Pd150) G6-OH(Pt60Pd120) G6-OH(Pt90Pd90) G6-OH(Pt120Pd60) G6-OH(Pt150Pd30) G6-OH(Pt180)

Pt
(%)

Pd
(%)

Pt
(%)

Pd
(%)

Pt
(%)

Pd
(%)

Pt
(%)

Pd
(%)

Pt
(%)

Pd
(%)

Pt
(%)

Pd
(%)

Pt
(%)

Pd
(%)

Measured
atomic ratio 0 100 25.6±10.3 74.4±8.9 38.4±1.3 61.6±0.9 58.2±10.9 41.8±7.7 83.8±2.7 16.2±1.9 92.3±1.5 7.7±1.2 100 0

Anticipated
atomic ratio 0 100 16.7 83.3 25 75 50 50 75 25 83.3 16.7 100 0
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Fig. S2. High-angle annular dark field-scanning transmission electron microscopy (HAADF-STEM) images of bimetallic G6-OH(Pt90Pd90)
DENs before (a) and after (b) being exposed to electron beam irradiation during STEM measurements.

Fig. S3. High-resolution transmission electron microscopy (HRTEM) image of bimetallic G6-OH(Pt90Pd90) DENs.
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