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Table S1. Information of used catalyst weight (mg), and composition (A:B ratio) for
each catalyst sample.

Used Catalyst

Ratio of initial

Real catalytic ratio

Catalyst (AB) weight (mg) loading (A:B) ieﬁsﬁz::eln(i;
Rh 3.0 - -
Ag 2.1 - -
Pt 1.4 ] ]
Pd 3.9 - -
Ir 4.9 - -
Au 9.6 - -
RhisAgs: 5.8 10:90 13:87
RhzsAgys 6.5 30:70 26:74
RhAg
RhsoAgso 6.1 65:35 50:50
RheoAgs: 4.9 80:20 69:31
RhAu RhysAusy 6.6 50:50 46:54
PtsAus: 1.7 10:90 8:92
PtAu PtsAus; 1.7 30:70 28:72
PtioAuss 1.7 50:50 42.58
IrAg IrisAgs: 2.0 50:50 18:82
IrAu TrioAuso 8.6 50:50 10:90
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Table S2. The energetics of each Oz and H; dissociative adsorption on the (111)
surfaces of six pure metals (Ag, Au, Ir, Rh, Pt, and Pd). Our values were all obtained
from the revised PBE functional, whereas the references utilized PBE one®'""5? or

PWOl1 S3,S4,SS.

O, dissociation H; dissociation
E (0"—20% E. (02"—20%) | E (H'—=2HY) | E, (H'—2HY)
+0.26 1.15
Ag (+0.1953) (1.045%) +0.76 1.71
Au +0.71 2.09 +0.58 1.29
(+0.74%%) (1.90%%) (+0.50%%) (1.09%2)
Ir -2.06 0.18 -0.51 0.22
(-1.92%% (0.065% (-0.81%2) (0.46%)
Rh -2.35 0.23 -0.54 0.02
0.70 -0.42 0.17
Pt -1.39 (0.73%) (-0.87%) (0.03%)
-1.66 1.10
Pd (-1.9351) 0.975)) (—_10696%‘) (00(')15751)
(-2.08%) (0.51%%) ’ ’
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Fig. S1. Correlation between O dissociation energetics (reaction enthalpy or
barrier) and O; adsorption energy for the various metals investigated in this work.
The stronger the O2 molecules are adsorbed on the metal surface, the more easily the O2
molecules are dissociated into atomic species.
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Fig. S2. The geometries of the O; dissociative adsorptions on the (111) surfaces of six
pure metals (Ag, Au, Ir, Rh, Pt, and Pd). Each material set consists of top- and side-
view geometries of the initial state (IS), transition state (TS), and final state (FS). Red
spheres represent oxygen atoms, and other colors represent metal atoms in the
investigation.
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Fig. S3. The geometries of the H; dissociative adsorptions on the (111) surfaces of six
pure metals (Ag, Au, Ir, Rh, Pt, and Pd). Each material set consists of top- and side-
view geometries of the initial state (IS), transition state (TS), and final state (FS). Blue
spheres represent hydrogen atoms, and other colors represent metal atoms in the
investigation.
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Table S3. Migration barriers of O; and H; molecules between Rh and Ag domains.
Both Oz and H2 molecules energetically prefer migrating toward Rh domains (Ag—Rh),
compared to the other way (Rh—Ag). These results may seemingly contradict with our
initial geometry set-up of O2 and H2 molecules, i.e., O2 (Ag)-H2 (Rh) configuration. This
can, however, be justified from a kinetics viewpoint. It is well known that H> molecules
diffuse toward the catalyst surfaces much faster than O2 molecules do due to their smaller

masses, approximately 4 times faster given the relation of “Diffusivity « ﬁ” (m=particle
mass, Moxygen=16, MHydrogen=1). As a result, exposed Rh domains are predominantly
covered by H2 molecules. At such a circumstance of Rh domains being H2-dominated, O2

molecules would reach to Ag domains, causing O2 (Ag)-H2 (Rh) configurations to most
likely occur, particularly in the early stages of the O2/H2 mixture feed.

Barrier E, for O, Barrier E, for H,
Rh—Ag 0.57 eV 0.51eV
Ag—Rh 0.09 eV 0.14 eV
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Table S4. Adsorption energies of O:-H: pair at different surface coverages.
Coverages are shown both in % unit, and in O2-Hz pair #nm? unit. Since our DFT model
adopted the initial configurations of O2 (Ag)-H2 (Rh), we calculated the adsorption
energy per O2-H: pair at three surface coverages of 25% (current model), 50%, and 100%.
The average adsorption energy is similarly low (-0.37 eV) at 25% and 50%; however, it
is higher (-0.22 eV) at the denser coverage of 100% due to stronger molecular
interactions; thus, our choice of 25% coverage in the DFT model is reasonable.

Surface coverage (%) Adsorption energy (eV)
(O2-H; pair #/nm?) per O2-Ha pair
25% (0.90) -0.37
50% (1.81) -0.36
100% (3.61) -0.22
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Fig. S4. Structural analysis of the RhAg NPs with different compositions. The
representative HAADF grayscale image and EDS (RGB) maps of the collective (a-d)
Rh2sAg7s, (e-h) RhsoAgso, and (i-1) RheoAgs1 NPs. Scale bars in the images and maps
represent 20 nm.
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(A) Rh;Ags; NPs (our sample)

Fig. SS. EDS line-scan images of our RhAg NPs. (A) line-scan images of RhizAgs7 NPs
(Rh profile x10 amplified, for clarity). (B) line-scan images of Rh26Ag74 NPs (Rh profile
x3 amplified, for clarity). A prominent difference between Ag and Rh profiles is
observed: Ag profiles are Gaussian-distribution-like, whereas Rh profiles irregularly
fluctuate. This result is consistent with our claim on NP structure that Ag forms the core
of NPs and Rh islands of different sizes sit on the Ag cores in a random manner.
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(A) Rh;;Agg; NPs

SAED pattern SAED pattern

(B) RhyeAgzs NPs

SAED pattern

Fig. S6. SAED pattern analysis of (A) RhizAgs7 NPs and (B) RhygAgrs4 NPs.
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Fig. S7. XRD spectra of the RhAg NPs with different compositions. At low Rh
contents (26% and below), the dominant peaks of the RhAg NPs align with those of pure
Ag, indicating that homogeneous mixtures of Rh and Ag did not form. Peaks
corresponding to pure Rh are not observed because Rh is present in amorphous phases.
As the Rh content increases (50% and above), individual crystalline Rh domains develop;
as a result, Rh peaks for the (111) planes (20 of 41.06°) emerge, and the Ag(111) peaks
slightly shift to larger angles.
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Fig. S8. XRD peak-deconvolution results of the RhsoAgso NP sample. Peak positions
of the pure metals (JCPDS) are also shown as comparisons, and denoted by dashed lines:
Ag(111) at 38.1°, Rh(111) at 41.1°, Ag(200) at 44.3 °, and Rh(200) at 47.8 °©. While no
shift was found for low Rh-content samples (RhizAgs7 or RhacAg74 NPs), a small peak-
shift was indeed observed for Rh-rich samples (Rh>50%). We performed the XRD
deconvolution analysis of the RhsoAgso sample. One can see that the Ag(111) peak is
shifted by +0.3°, Rh(111) peak is shifted by -1.3°, and Ag(200) and Rh(200) peaks are
negligibly shifted, all compared to JCPDS positions. Though the shifts are overall small,
these indicate a sign that the “partial alloying” occurred at the nanoscale in the RhsoAgso
sample. However, it is very important to note that lower Rh-content samples (Rh<26%),
which exhibits comparatively much higher H202 production rates, do not show any signs
of alloying in XRD; thus, H202 productions in our samples are not a result of alloying.
The key conclusions of the present study are still solid.
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Fig. S9. The representative HAADF grayscale image and the corresponding EDS
(RGB) maps of the collective RhsAg74 NPs. The qualitative elemental distributions of
Rh, Ag, and O are represented in red, green, and blue, respectively. However, oxygen
was observed at noise-level over the entire background; thus, it was extremely difficult to
identify whether Rh is oxidized from EDS results.
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Fig. S10. XPS spectra and the deconvolution (curve-fitting) results of Rh 3d of
Rh26Ag74. The peaks of Rh*" and Rh? are shown in red and blue, respectively. XPS is a
suitable method to identify whether Rh is oxidized and, further, to quantify the degree of

oxidation. Taking the Rh26Ag74 sample as an example, we observe and estimate
approximately 46% Rh3* peaks (as in Rh203), which indicates Rh is partially oxidized.
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Table S5. A comparison of catalytic performance of unsupported and silica-
supported Pd NP. All catalytic test conditions are identical: T, 20°C; P, 1 atm; reaction
medium, 150 ml of a DI water mixture (20% ethanol, 0.9 mM KBr, and 0.03 M H3POas);
total flow rate, 22 ml/min; H2/O, 1/10.

Pd/SiO; catalyst
Fresh Pd catalyst (Change in %, compared to fresh
catalyst)
Productivity (mmol g h'') 59 48 (-18%)
Selectivity (%) 39 36 (-7%)
H: conversion (%) 11 7 (-36%)
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Table S6. Catalytic performances of all the NPs investigated in the present work.
The cost-normalized productivity (CNP) was calculated to compare the cost-effectiveness
of the developed catalyst materials. Reactions were carried out under the following
conditions: T, 20°C; P, 1 atm; reaction medium, 150 ml of DI water mixture (20%

ethanol, 0.9 mM KBr, 0.03 M H;PO,); reaction time, 1 h; total flow rate, 22 ml/min;

H,/O,, 1/10. For Pd NPs, several literature values are also shown for comparison®”-5%,

Catalyst H:0: productivity H20: H: H»0:
(mmol gea! hY) productivity conversion selectivity
(CNP, mmol (%) (%)
$catt 1)
Pd (cube)’® 66 N/A 7 39.5
Pd NPs Pd (cube)®® 86 N/A 10 30
(Literature)  Pd (octa)S!’ 106 N/A 10.5 41.5
Pd¥’ 31 N/A 29 21
Pd 59 1.8 11.7 39
Ag 0 0 0 0
Au 0 0 1.3 0
Rh 0 0 0.4 0
Ir 0 0 0.6 0
Pt 20 0.7 10.9 4
RhsAgos 0 0 0.2 0
RhizAgsy 67 13.3 32 62
RhAgNPs  RhisAgr 30 2.1 2.4 78
RhsoAgso 8 0.3 5.1 16
RheoAgsi 0 0 0.4 0
RhysAuss 56 1.3 3.0 37
PtsAus 103 2.6 9.0 39
PtAu NPs Pt2sAun 300 8.0 28.0 36
Pts2Auss 237 6.6 21.9 13
IrisAgs: 13 0.8 2.9 18
IrioAuso 0 0 5.6 0
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Fig. S11. TEM images of the (a) Rh1opAgeo NPs and (b) Pd NPs. While the RhAg NPs
develop spherical shapes, the Pd NPs form perfect cube shapes with the (100) surfaces
exposed. The particle size distributions are also shown in the inset of each image.
RhioAgoo NPs synthesized from the polyol reduction method are primarily sphere-shaped
with the average diameter (d) of 15.74nm, while Pd NPs are cube-shaped with the
average side length (/) of 12.58nm. Given 1gram of metal loading, total surface area (S)
can be calculated as follows: (1) S of Pd cube NPs: Npgx6/> = (1gram/ ppq-F*) x6/* = 3.76x10"
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(nm?), (2) S of RhigAgoo spherical NPs: Nrnagxmd® = [1gram/proag: (md/6)] xTd? = 3.57x10"
(nm?), where Npg, Nrnag is the number of Pd and RhAg NPs in total 1g metal loading, respectively,
and ppd, Pruag is the effective density of Pd (12.68g/cm?) and RhioAgeo (10.68g/cm?), respectively.
One can observe from the above comparisons that the cubed Pd NPs have a very similar
surface area to our RhAg NPs (less than 5% difference) and therefore can serve as a great
reference system. In contrast to the cubed Pd NPs, we observed that spherical Pd NPs
could be formed only with a much smaller NP diameter (d<8 nm); thus, direct
comparisons of our samples with spherical Pd NPs are difficult, as the total surface areas
differ too much.

S19
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Fig. S12. H,O: degradation tests of Rhi3Ags; NPs under both inert and H»-
containing atmospheres in comparisons to pure Ag and Pd NPs. (a) A schematic flow
of direct H2O2 synthesis and degradation. Steps 3 and 4 represent H2O2 degradation under
Hz-containing and inert environments, respectively. (b) H2O2 decomposition test results,
shown in units of mmol g™! h™!. The reaction conditions are as follows: T, 20°C; P, 1 atm;
1 ml of H202 (35 wt% in H20); reaction medium, 150 ml of a 0.03 M H3PO4 20 vol.%
ethanolic solution with 0.09 mM KBr; total flow rate, 22 ml/min; time, 1 h. For the
hydrogenation reaction, H2/N>=1/10 was used.
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Fig. S13. A schematic of our representative NPs and Rh particle size distributions. a. A

model schematic for estimating interfacial length. b-d. Histograms showing Rh particle
size (diameter) distributions for Rhi3Ags7, Rh26Agr4, and RhsoAgso NPs.
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Table S7. Interfacial length estimations of RhAg NPs of different compositions. The
diameter of Rh clusters is averaged over 100 samples. The numbers in the parentheses are
values of standard deviations. The details of the model to estimate interfacial length are
elaborated as follows.

Interfacial Interfacial .. Productivity
Materials Drn, nm length length Productivity, (normalized to
Riv 1020 n%n /’ (normalized to mmol/geat h the largest)
Seat the largest) g
Rhi3Ags7 NPs 0.60 (£ 0.20) 3.49 (= 1.16) 1.0 67.4 1.0
RhysAgr4 NPs 1.10 (£ 0.29) 2.08 (£ 0.55) 0.60 30.0 0.45
RhspAgso NPs 2.26 (£ 0.53) 0.95 (£0.22) 0.27 7.5 0.11

This model uses TEM-EDS images as key inputs. A schematic of the model is shown
above in Fig. S11. We assume that Rh hemispheres are distributed on the spherical Ag
cores. Let us define the following three parameters: prn (Rh density)=12.4 (g/cm?), Drn
(diameter of Rh hemispheres, in nm unit), Nrn (number of Rh hemispheres in a given

system).

e Given 1 gram of RhyAgi« NPs (x as Rh content), the total weight of Rh in the system can
be equated as: Nrn (27(Drn/2)*/3) pro = X (g)

e Total interfacial length per gram of catalyst (nm/gca) = Nrn (TDrn)

(1)

..

Plugging (1) into (2), we can estimate total interfacial length as 12x/prn Dri? (in nm/gear).

We used the manually measured diameter statistics (histogram in Fig. S10). The
statistical results reveal that the average cluster size increases with Rh content (0.60 (+
0.20) nm for RhizAgs7 — 2.26 (+ 0.53) nm for RhsoAgso NPs). This consequently leads
to the decrease of interfacial length with increasing Rh content. This trend is consistent
with the decrease of experimental H2O:2 productivity with increasing Rh content.
Comparing the correlations between productivity and interfacial length (in normalized
scale), we noted that productivity of RhsoAgso NPs is much worse than what is expected
from the interfacial length estimation, and this is likely due to the partial alloying in this

sample, which further degrades the catalytic activity (Fig. S12).
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: (111) surface

Slab+0, ™\ E,=0.11eV
0.0eV \

Slab+0," Tg Slab+20°
-3.78eV

Fig. S14. DFT calculation results of O; dissociation energetics on the alloyed RhAg
(111) surface. The O2 dissociation barrier on alloyed (111) surface is found very small of
~0.11 eV, and thus O2 molecules will easily be broken into O atomic species, which in
turn indicates that H2O2 productions are highly unlikely to occur on the alloyed surface.
These DFT calculations can adequately (at least partially) explain the substantial drop of
H202 productivity for the RhsoAgso NPs in which the partial alloying of Rh and Ag
elements are observed (67.4 mmol g™ h™! for RhizAgs7 — 7.53 mmol g™ h™! for RhsoAgso).
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..

Fig. S15. Structural analysis of the RhAu, PtAu, IrAg, and IrAu NPs. The
representative HAADF grayscale image and EDS (RGB) maps of the collective (a-d)
RhasAuss, (e-h) PtsAuos, (i-1) Pt2sAuzz, (m-p) Pta2Auss, (q-t) IrisAgsz, and (u-x) IrioAuso
NPs. Scale bars in the images and maps represent 20 nm.
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L1,
@ ElementA @ ElementB
Fig. S16. Unitcell crystal structures of 10 possible thermodynamic phases of 1:1

binary alloy. (a) L1o, (b) B2, (c) B1, (d) B4, (e) B3, (f) B33, (g) B11, (h) B19, (i) B27,
and (j) L11.
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Fig. S17. DFT-computed formation energies (Er) of 435 binary alloys composd of

two transition metals (in periods IV, V, VI). For each elemental combination, Ef of all
10 thermodynamic phases were compared, and only the most stable phase was presented.
Boxes in blue, red, black represent “E<0”, “E¢>0", and “E=0", respectively.
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Fig. S18. The most stable thermodynamic phase for 183 miscible elemental
combinations (i.e., Et<0) as well as pure metals.
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Table S8. The number of elemental combinations in each classified phase for 183
miscible cases, and 252 immiscible ones.

Number of elemental

Thermodynamic phase combinations

AuCu (L1y) 86 (20 %)
CsCl (B2) 55 (12 %)

NaCl (B1) 0 (0 %)

Waurtzite (B4) 0 (0 %)

Zinc blende (B3) 0 (0 %)

Miscible alloy

CrB (B33) 11 (3 %)
TiCu (B11) 2 (0.5%)

CdAu (B19) 17 (4%)
FeB (B27) 2 (0.5%)
CuPt (L1y) 10 (2%)

Immiscible alloy 252 (58%)

Total 435 (100%)

S28



Table S9. Comparisons of catalytic test conditions (pressure, used catalyst weight,
and H; flow rate) that can affect H; conversion between ours and selected literatures.
Literatures here report a very high level of H2 conversions (almost complete conversions).
Cells shaded in gray color signify the more favorable conditions for H2 conversions,
compared to our own experiments, i.e. higher pressure, larger catalyst weight, lower Hz
flow rate. We observe that experiments were carried out in much higher pressure
conditions (>10atm) in two articles of Park et al. and Burato et al.5'®S!!, which highly
likely has led to much enhanced H2 conversions. As for the other articles of Samanta et al.
and Choudhary et al.5'?>53| comparatively much larger catalyst weight (>10mg) or lower
H: flow rate may adequately account for such high conversion values.

Materials Pres§1¥re Used catalyst weight H; flow rate References
condition (mg)
Our new catalysts 5-6.5mg (RhAg
(RhAg, RhAu, latm RhAu): 1.7mg (PtAu) 2.0 (ml/min) Not applicable
PtAu)
1000 (total)x0.5% (Pd .
Pd/SBA-15 10atm e i) =Suns 12.6 (ml/min) [S10]
. 50%x1% (Pd loading .
Pd/Si0; 19.7atm Wi%) =0.5mg Not available [S11]
. 500%2.5% (Pd loading S
Pd/Si0O, latm Wt¥%)=12.5mg 0.7 (cm’/min) [S12]
100%10% (Pd loading I
PdO/AlLOs 0.94atm wi%) =10mg 3.0 (cm>/min) [S13]
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