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Experimental Section

Calculation of the total number of Pd atoms on the surface of Pd nanocubes (NCs), Pd-Rh
hollow NCs, Pd-Rh nanoicosahedrons (NIs), Pd-Rh nanotruncated octahedrons (NTOs),
Pd-Rh solid NCs, and commercial Pd/C.

(1) Pd NCs

The average edge length of Pd NCs is ca. 12 nm. Pd has face-centered-cubic structure with lattice
constant of 0.389 nm and each unit cell contains four Pd atoms. So the total number of Pd atoms in
one Pd NC is
_ VPd NC _ (12 nm)3
PANC — x4 = 3

Ve (0.389 nm)

A Pd NC is enclosed by six (100) facets, and each two-dimensional unit cell on the (100) facets

contains two Pd atoms. The total number of Pd atoms on the surface of one Pd NC is

TN x4=1.2x10°
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TNSPdNC :—A’dNC X2=(12n—m)2><6><2:1.1x104
A (0.389 nm)

The total number of Pd atoms on the surface of Pd NCs used as catalyst is
TNS,yne 50 pgx6.02x10% mol™  1.1x10*

m X X
PN TNy e 106.4 g-mol™ 1.2x10°

=2.6x10"

(2) Pd-Rh hollow NCs

The average edge length of Pdos2Rhoss hollow NCs is ca. 14 nm, and the diameter of the hole
inside the cube is ca. 8 nm. Both Pd and Rh have face-centered-cubic structure with lattice constants
of 0.389 nm and 0.380 nm, respectively, and each unit cell contains four Pd or Rh atoms,
respectively. The ICP result shows that the atom ratio of Pd and Rh is ca. 32:68, so the weighted
average of the lattice constant for the Pd-Rh hollow NCs is 0.383 nm. Thus, the total number of
metal atoms in one Pdo.32Rho.es hollow NC is

Vo a hollow (14 nm)*® — (8 nm)*
TN ey rn notion NG = — R{‘/h ow NC 5 4 — (0,383 )’ x4=1.6x10°

cell

We assume that one Pdo32Rhoes hollow NC is enclosed by six (100) facets, and each
two-dimensional unit cell on the (100) facets contains two metal atoms. According to the XPS result,
the atom ratio of Pd and Rh is ca. 24:76, so the weighted average of the lattice constant for the
Pd-Rh hollow NC is 0.382 nm. The total number of Pd atoms on the surface of one NC is

_ (14 nm)* +(8 nm)®
" P (0.382 nm)?
The total number of Pd atoms on the surface of Pdo.32Rho.es hollow NCs used as catalyst is

TNS _ ADd—Rh hollow NC % 2 x X

Pd-Rh hollow NC

x6x2x0.24=5.1x10°
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TNS, 2t hoiow NG 50 ugx6.02x10% mol™ 5.1x10°
Mey.Rh hottow NC ¥ S = 1 1 X z
TNogrnhoowne ~ 106.4 g-mol™x0.32+104.9 g-mol™ x0.68 1.6x10

According to the procedure above and ICP as well as XPS results (Table S2 and S3), total number
of Pd atoms on the surface of PdossRhos2, Pdo.ssRhos1, and Pdo22Rho7s hollow NCs is 2.3x10%,
1.5x10% and 5.7><10%, respectively.

Additionally, given that the relative atomic masses and lattice constants of Pd and Rh are similar,
relative error of total number of Pd atoms on the surface of Pd-Rh hollow NCs used as catalyst we
calculated is less than 2%.

=9.1x10"

(3) Pd-Rh NIs

The average diameter of Pd-Rh NIs is ca. 16 nm. Both Pd and Rh have face-centered-cubic
structure with lattice constants of 0.389 nm and 0.380 nm, respectively, and each unit cell contains
four Pd or Rh atoms, respectively. The ICP result shows that the atom ratio of Pd and Rh is ca. 68:32,
so the weighted average of the lattice constant for the Pd-Rh Nls is 0.386 nm. Thus, the total number
of metal atoms in a single Pd-Rh NI is

15+5\/§>< 10—2J§X16 nm
v 12 \ 5 2
TNpggnp = x 4 =

V., (0.386 nm)’

We assume that a Pd-Rh NI is enclosed by twenty (111) facets and each two-dimensional unit cell
on the (111) facets contains two metal atoms. According to the XPS result, the atom ratio of Pd and
Rh is ca. 60:40, so the weighted average of the lattice constant for the Pd-Rh Nls is 0.385 nm. The
total number of Pd atoms on the surface of one NI is

NG (16 nmjleO—Z\/g

3
J x4=9.0x10"

TNSPd-RhNI:MXZXXPd = 4\/§ 2 > - x20x2x0.60 =5.7 x10°
Ao T><(\E x0.385 nm)
The total number of Pd atoms on the surface of Pd-Rh NlIs used as catalyst is
TNSoomnn 50 ugx6.02x10% mol™ 5.7x10°

Meg.rnni X = =) — X Z =1.8x10"
TNogrn 106.4 g-mol™x0.68+104.9 g-mol™x0.32 9.0x10

Additionally, given that the relative atomic masses and lattice constants of Pd and Rh are similar,
relative error of total number of Pd atoms on the surface of Pd-Rh NIs used as catalyst we calculated
is less than 2%.

(4) Pd-Rh NTOs

L

The average diameter of Pd-Rh NTOs is ca. 12 nm. And according to the geometric model above,
the relationship of edge length and diameter of a NTO is

5a’ +3b” +6ab = (12nm)°

Both Pd and Rh have face-centered-cubic structure with lattice constants of 0.389 nm and 0.380

nm, respectively, and each unit cell contains four Pd or Rh atoms, respectively. The ICP result shows
that the atom ratio of Pd and Rh is ca. 67:33, so the weighted average of the lattice constant for the
Pd-Rh NTOs is 0.386 nm. Thus, the total number of metal atoms in a single Pd-Rh truncated
octahedron is
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cell (0.386 nm)2

We assume that a Pd-Rh NTO is enclosed by six (100) facets and eight (111) facets, and each
two-dimensional unit cell on the (100) or (111) facets contains two metal atoms. According to the
XPS result, the atom ratio of Pd and Rh is ca. 61:39, so the weighted average of the lattice constant
for the Pd-Rh NTOs is 0.385 nm. The total number of Pd atoms on the surface of one NTO is

N 6a’ 2/3b? +8+/3ab + 2+/3a°
Pd-RhNTO = A X2X Xpq = (0.385 nm)? + NG 5
el ' T><(\/§><o.385 nm)

The total number of Pd atoms on the surface of Pd-Rh NTOs used as catalyst is
TNS,,zn nTO 50 ugx6.02x10° mol™ § TNoyrnnTO

* TNpgronto  106.4 g-mol™x0.67+104.9 g-mol™ x0.33  TNS,, r 1o

According to the HRTEM images of NTOs (Figure 2g), the average length of a is ca. 3.7 nm. And
we calculated the total number of Pd atoms with different a (the maximum of a is around 5.3 nm due
to geometrical issues, Table S4), suggesting the mere change of it when a changed in the range of 3.3
nm to 4.3 nm. Thus, we assume the total number of Pd atoms is 2.7x10°.

Additionally, given that the relative atomic masses and lattice constants of Pd and Rh are similar,
relative error of total number of Pd atoms on the surface of Pd-Rh NIs used as catalyst we calculated
is less than 2%.

TNS x2x0.61

de—Rh NTO

(5) Pd-Rh solid NCs

The average edge length of a Pd-Rh solid NCs is ca. 9 nm. Both Pd and Rh have
face-centered-cubic structure with lattice constants of 0.389 nm and 0.380 nm, respectively, and each
unit cell contains four Pd or Rh atoms, respectively. The ICP result shows that the atom ratio of Pd
and Rh is ca. 69:31, so the weighted average of the lattice constant for the Pd-Rh solid NCs is ca.
0.386 nm. Thus, the total number of metal atoms in a single Pd-Rh solid NC is

— VPd—Rh NC o 4 = (9 nm)3
PERING Ty (0.386 nm)°

cell

We assume that a Pd-Rh solid NC is enclosed by six (100) facets and each two-dimensional unit
cell on the (100) facets contains two metal atoms. According to the XPS result, the atom ratio of Pd
and Rh is ca. 62:38, so the weighted average of the lattice constant for the Pd-Rh solid NCs is 0.386
nm. The total number of Pd atoms on the surface of one NC is

Ararnne (9 nm)*
TNS = X 2X Xy = e
Pd-Rh NC B Pd (0.386 nm)?

The total number of Pd atoms on the surface of Pd-Rh solid NCs used as catalyst is
NS, e 50 ugx6.02x10% mol™ 4.0x10°

Meornne XN T 106.4 g-mol :x0.69+104.9 g-mol *x0.31 . 5.1x10°

Additionally, given that the relative atomic masses and lattice constants of Pd and Rh are similar,
relative error of total number of Pd atoms on the surface of Pd-Rh solid NCs used as catalyst we
calculated is less than 2%.

TN x4 =51x10*

x6x2x0.62 =4.0x10°

=2.2x10"

(6) Commercial Pd/C

The average diameter of a Pd NP is ca. 6 nm. Pd has face-centered-cubic structure with lattice
constant of 0.389 nm and each unit cell contains four Pd atoms. So the total number of Pd atoms in a
single Pd/C NP is

(6 nm)3
TNpyc _ Voae ><4:£7z><—2 -
\Y/ 3 (0.389 nm)

cell

x4=7.7x10°
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We assume that (a) a Pd NP is enclosed by (100) facets and each two-dimensional unit cell on the
(100) facets contains two Pd atoms. The total number of Pd atoms on the surface of one Pd
nanoparticle is

6 nm

Az x( )?
NS, . = 2vac o
A (0.389 nm)?

(b) a Pd NP is enclosed by (111) facets and each two-dimensional unit cell on the (111) facets
contains two Pd atoms. The total number of Pd atoms on the surface of one Pd nanoparticle is

A arx(BNMy2
NS, = 2¥dc o 2 x2=1.7x10°

Pd/IC —
Al *fx (V2x0.385 nm)2

Thus, there is no big difference between two assumptions. So we assume that the total number of
Pd atoms on the surface of one Pd nanoparticle is 1.6>102.
The total number of Pd atoms on the surface of Pd nanoparticles used as catalyst is

23 -1 3
e NSeuc _ 50 1gx6.0210 _[nol § 1.6><103 50, 10"
TN oy 106.4 g-mol 7.7x10

x2=15x10°
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Supplementary Data

Table S1. ICP-AES results of Pd/Rh ratios in Pd-Rh hollow NCs synthesized at different
temperatures.

Temperature / °C Atomic ratio in Pd-Rh hollow NCs
140 60:40
160 33:67
180 32:68
200 30:70

Table S2. ICP-AES results of Pd/Rh ratios in Pd-Rh hollow NCs with reference to those in metal
precursors.

Atomic ratio in precursors Atomic ratio in Pd-Rh hollow NCs
2:1 68:32
1:1 49:51
1:2 32:68
1:3 28:72
1:4 22:78
1.5 16:84
1:10 9:91

Table S3. XPS results of Pd/Rh ratios on the surface of Pd-Rh hollow NCs with reference to those in
metal precursors.

Atomic ratio in precursors  Atomic ratio on the surface of Pd-Rh hollow NCs

2:1 61:39
11 40:60
1:2 24:79
1:4 15:85

Table S4. The total number of Pd atoms on the surface of Pd-Rh NTOs calculated with various a.

a/nm The total number of Pd atoms
2.3 3.0x10'®
3.3 2.8x10'6
4.3 2.6x10'°
5.3 2.6x10'°

Table S5. XPS results of Pd(0):Pd(11) and Rh(0):Rh(111) of Pd-Rh nanocrystals in different shapes.

Pd(0):Pd(II) Rh(0):Rh(111)
Hollow NCs 64:36 63:37
Solid NCs 68:32 62:38
Nls 67:33 66:34
NTOs 64:36 67:33

S5



-~ .
13.0 135 14.0 14.5 15.0 1l.u ‘1&0
o Size /nm E 1)

Figure S1. Low-magnification TEM image of Pd-Rh hollow NCs (the inset is the size distribution of
Pd-Rh hollow NCs).
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Figure S2. PXRD patterns of Pd-Rh hollow NCs, Pd-Rh NIs, and Pd-Rh NTOs with standard XRD
data as references.

S6



Figure S3. HAADF-STEM image and HAADF-STEM-EDS element maps of Pd-Rh hollow NCs: a)
HAADF-STEM image, b) Pd contribution, and c) Rh contribution.
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Figure S4. Low-magnification TEM images of a) Pd-Rh NIs, and b) Pd-Rh NTOs (insets are size
distributions of Pd-Rh NIs and NTOs, respectively).
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Figure S5. HAADF-STEM-EDS line-scan profiles of Pd-Rh hollow NCs taken at different stages

during synthesis: a) 1 h, b) 2 h, and c¢) 24 h.
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Figure S6. TEM images of Pd-Rh hollow NCs synthesized at different temperatures: a) 140 °C, b)
160 °C, and c) 200 °C.
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Figure S7. TEM images of Pd-Rh hollow NCs synthesized at 140 °C taken at various reaction times:
a)1h,b)6h,c)8h,andd)24h.
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Figure S8. Atomic ratios (ICP-AES results) of Pd and Rh in Pd-Rh hollow NCs synthesized at 140

°C taken at different stages during synthesis.

Figure S9. TEM image of Pd-Rh nanoparticles synthesized without KBr or Kl added. All the other
conditions were the same as those of Pd-Rh hollow NCs.
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Figure S10. TEM images of Pd-Rh hollow NCs synthesized with different amounts of KBr: a) 0 mg,
b) 180 mg, c) 360 mg, d) 1440 mg, and e) 2880 mg. All the other conditions were the same as those
of Pd-Rh hollow NCs.
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Figure S11. TEM images of Pd-Rh hollow NCs synthesized with different amounts of KI: a) 0 mg, b)
0.5 mg, ¢) 2 mg, and d) 4 mg. All the other conditions were the same as those of Pd-Rh hollow NCs.

S14



Figure S12. HRTEM images of solid Pdos2Rhoss solid NCs a) before and b) after hydrothermal
etching treatment. The Pd/Rh ratio in the NCs decreased from 33:67 to 29:71 after the etching
process, indicating that a portion of Pd atoms were etched out from the interiors of the NCs, along

with that the surfaces of the NCs became rough and porous.
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Figure S13. TEM images of Pd-Rh hollow NCs synthesized with different molar ratios of noble
metal precursors at 180 °C for4 h:a)Pd: Rh=2:1;b)Pd:Rh=1:1;c)Pd:Rh=1:3,d)Pd:Rh
=1:5,e)Pd:Rh=1:10, and f) 100% Rh (without addition of Na;PdCls). The absolute moles of
noble metal precursors were kept the same in all syntheses above. And all the other conditions were
the same as those of Pd-Rh hollow NCs. Additionally, all those hollow NCs held the same proportion
of palladium and rhodium as the corresponding precursors (Table S2).
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Figure S14. TEM images of Pd-Rh NIs synthesized with different molar ratios of noble metal
precursors at 180 °C for 4 h: a) 100% Pd (without addition of RhClz), b) Pd : Rh=5:1; c) Pd: Rh =
1:1;d)Pd:Rh=1:2¢e)Pd:Rh=1:5,andf) 100% Rh (without addition of Na>PdCls). The
absolute moles of noble metal precursors were kept the same in all syntheses above. And all the
other conditions were the same as those of Pd-Rh NIs.




Figure S15. TEM images of Pd-Rh NTOs taken at various reaction times: a) 2 h, b) 8 h, and c¢) 24 h.
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Figure S16. TEM images of Pd-Rh NTOs synthesized with different molar ratios of noble metal
precursors at 180 °C for 4 h: a) 100% Pd (without addition of RhClz), b) Pd: Rh=1:1;c) Pd: Rh =
1: 2, and d) 100% Rh (without addition of Na;PdCls). The absolute moles of noble metal precursors

were kept the same in all syntheses above. And all the other conditions were the same as those of
Pd-Rh NTOs.
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Figure S17. TEM image of a) Pd NCs synthesized under the similar conditions with those of Pd-Rh
hollow NCs, b) commercial Pd/C, and c) Pd-Rh solid NCs synthesized under the similar conditions
with those of Pd-Rh hollow NCs.
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Figure S18. TOFs per surface Pd atom for Suzuki cross-coupling reaction with Pd-Rh solid NCs
catalysts with various Pd/Rh ratios.
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a) Pd NCs, b)

S19. HRTEM images of nanocatalysts after Suzuki cross-coupling reactions:

Figure

and e) Pd-Rh NTOs.

Rh NIs

Pd-Rh hollow NCs, ¢) Pd-Rh solid NCs, d) Pd-
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Figure S20. Mass loss of Pd and Rh in the as-tested nanocatalysts after Suzuki cross-coupling
reactions (ICP-AES results).
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Figure S21. The contribution of the homogeneous Pd leached into solution to the overall catalytic
activity of the nanocatalysts.
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