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1. General procedures, syntheses, measurements, calculations

1-1. Preparation of Fe-group Binary NA (FeCo/C, FeNi/C, and CoNi/C) and Monometallic

NP (Co/C and Ni/C) Catalysts. The synthetic operations were carried out as described in the

manuscript. The scales of starting materials, reagents, and solvents used for preparations of NA and

NP catalysts are summarized in Table S1.

Table S1. Scales of starting materials, reagents, and solvents

FeCo/C FeNi/C CoNi/C Co/C Ni/C

A 0.3479 0.3480 0 0 0

B 20 20 0 0 0

C 0.3543 0 14163 0.708 0

D 20 0 8.0 4.0 0

E 0 0.4976 1.9978 0 3.9819
F 0 20 8.0 0 16
G 1.7623 1.7621 7.0483 1.7618 7.0487
H 200 200 200 200 200
I 30 20 40 30 40

J 0.3447 0.2793 0.9423 0.2358 0.9397
K 15 15 30 15 40

L 1.5128 1.5128 6.0528 1.5135 6.0534
M 300 300 300 300 300
N 300 300 0 0 0

o 1.0 0.87 3.6 0.7 2.7
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1-2. Powder X-ray diffraction (XRD) measurement. Powder X-ray diffraction measurements
were carried out with Cu K« radiation (A = 1.54059 A) using a Rigaku SmartLab diffractometer at
room temperature. Synchrotron powder XRD measurements were performed at the RIKEN
materials science beamline BL44B2 of SPring-8.' The data was acquired using a Debye-Scherrer
camera equipped with an imaging plate as an X-ray detector. The incident wavelength was
0.579057 A for all Fe-group NA or monometallic NP samples, which were obtained by calibration
using CeQO, asa standard powder sample. The X-ray beam was collimated by a double slit of 0.5
mm by 3.0 mm. Powder samples of all Fe-group NA or monometallic NP were sealed in
borosilicate glass capillaries in vacuo. The samples were irradiated by X-ray at 300 K. Figures S4
and S6 show the XRD patterns of FeCoNi/C, FeCo/C, FeNi/C, CoNi/C, Fe/C, Co/C, and Ni/C,
respectively (black line), with Rietveld profiles (red line). The determined structural parameters are

listed in Table S4.

1-3. TEM measurement of Fe/C, Co/C and Ni/C monometallic NP catalysts. TEM images of
Fe/C, Co/C, and Ni/C were taken with a JEM-2010HCKM operated at 200 kV, and the obtained
images are shown in Figure S5. For the measurements, Fe/C, Co/C, and Ni/C mounted on copper
grids were prepared using similar procedures to those for FeCo/C, FeNi/C, and CoNi/C for BF-

STEM image measurements.
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1-4. Cyclic voltammetry (CV) measurements using catalyst-modified electrodes. The
ethylene glycol (EG, 0.3 mg, Wako) suspension of prepared catalysts (10 mg) was applied on
carbon felt (KRECA Paper, 4 cm®, Kureha). The carbon felt was used in all experiments after
washing with acetone three times and drying in vacuo overnight (about 12 h). As the counter
electrode, coiled Pt wire was used. An Hg/HgO reference electrode (RE-6A, BAS Co. Ltd.) filled
with 1 M KOH aqueous solution was used. All potentials were measured against this Hg/HgO
reference, which has a potential of 0.098 V vs. the normal hydrogen electrode (NHE), and were
finally converted to that vs. referenced hydrogen electrode (RHE). For CV using a prepared
catalyst, a VersaSTAT 4 potentiostat (Princeton Applied Research, AMETEC Inc.) was used,
applying the abovementioned three electrodes. A sample vial (100 mL in volume, ALS Co. Ltd.)
equipped with a gas-tight Teflon cap was used. The electrolyte aqueous solution (80 mL, 20wt%
KOH, 30wt% EG) was introduced, and the working, reference, and counter electrodes were placed
inside the vial. The electrolyte solution was prepared by using ultrapure water (DIRECT-Q® 3UV,
Millipore Corp., Merck Ltd.). After the Teflon cap was tightly closed, N, gas was bubbled in the
cell for 30 min in order to purge the air from inside the cell. After deaeration, the current value was
recorded against the applied potential using a 10 mV/s scan rate and 10 scan cycles. CV
measurement of the blank was carried out using the same procedures as mentioned above except

for using electrolyte solution (80 mL, 20wt% KOH).
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1-5. Chronoamperometry (CA) measurements using catalyst-modified anodic electrodes.
The EG (0.7 mg) suspension of prepared catalysts (50 mg) was applied on the carbon felt (4 cm® x
4,16 cm’ total). The carbon felt was fixed to a handmade stainless steel clip, and was used as the
working electrode. All potentials were measured against vs. Hg/HgO and converted to values vs.
RHE. For chronoamperometry measurements, a VersaSTAT 4 potentiostat was used, applying the
abovementioned three electrodes. The electrochemical experiments were fully carried out inside the
glove box filled with N, gas. A home-built double compartment cell, where each compartment is
separated by a proton-conducting membrane (Nafion®, NRE-212, Sigma-Aldrich) and equipped
with gas-tight Teflon caps was used. For the anodic cell (75 mL in volume), electrolyte aqueous
solution (50 mL, 20wt% KOH, 30wt% EG) and a stirring bar were introduced, and the working and
reference electrodes were immersed. On the other hand, for the cathodic cell (75 mL in volume),
electrolyte aqueous solution (50 mL, 20wt% KOH) and a stirring bar were introduced, and a
counter electrode was fixed to the cap. Both electrolyte solutions were prepared using ultrapure
water. After the Teflon caps were tightly closed, N, gas was bubbled in both the anodic and
cathodic cells for 30 min in order to purge the air from the cells. The headspace of the anodic cell
was connected to the gas chromatograph (GC) (7890A, Agilent Technologies, Inc.) equipped with
packed columns (HayeSep Q 0.5 m, MS5A 6 ft, HayeSep Q 6 ft, Agilent Technologies, Inc.),
thermal conductivity detector (TCD), and flame ionization detector (FID). The configuration of

devices is described in our previous report.” Solution samples (50 uL) were collected from both
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anodic and cathodic cells at 0 and 125 min and analyzed by using HPLC (Shimadzu LC-20AD, 50

mM HCIO, aqueous solution carrier) equipped with a refractive index detector (RID-10A) and

diode array detector (SPD-M20A) for determination of generated oxide species of EG, i.e., oxalic

acid, glycolic acid, formic acid, and formaldehyde, etc.

1-6. Definition of number of electrons, current efficiency, and selectivity.

Number of Electrons. The number of electrons is defined as the number of electrons that are

related to the oxidized product formation from EG. The number of electrons was calculated from

the amount of an oxidized product, which was quantified by HPLC, from the reaction solution in

the anodic cell. For example, 8 electrons are required for oxalic acid formation from EG. Therefore,

if x mol of oxalic acid was detected during the reaction, the “number of electrons” for oxalic

formation can be calculated using the equation below (Eq. 1).

Number of Electrons for OxalicAcid = x x 8 Eq. 1

The number of electrons was finally divided by the metal weight in the catalyst, and shown as per

metal weight (g) in Figures 3a and S10, 11, respectively.

Current Efficiency. The current efficiency is defined as the percentage of the electrons, which is

relevant to the product formation, out of the total number of electrons that pass through the circuit

and are counted by the potentiostat during the experiment. This value can be calculated from the

“number of electrons” and “Coulomb number” counted by the potentiostat, using the equation
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described below (Eq. 2). If this value is close to 100 (%), the counted electrons can be considered
to be based on the EG oxidation, i.e., oxidized product formation from EG. In contrast, when it is
close to 0 (%), the counted electrons are based on another factor, e.g., catalyst self-oxidation.’

Number of Electrons x Faraday Constant
Current Efficiency (%) = x 100 Eq. 2
Counted Coulomb Number

Selectivity. The selectivity is defined as the percentage of electrons related to the specific product
formation out of the total electrons for all product formation. This value can be calculated from the
“number of electrons” for a specific product and the sum of them for all products. For example,

“selectivity” of oxalic acid can be calculated using the equation below (Eq. 3).

Number of Electrons for Oxalic Acid
Selectivity (%) of Oxalic Acid = x 100 Eq. 3
Number of Electrons for All the Products

1-7. Computational method.

The first-principles calculations were performed using Accelrys DMol’ code®, in which effective
core potentials for the core electrons, the double numerical plus polarization basis sets for the
atomic orbitals, and generalized gradient approximation using the Perdew-Burke-Ernzerhof
functional’ were applied. All calculations were performed with the two-dimensional Brillouin zone
sampled by 4 x 4 x 1. Considering crystal structures of NAs, i.e., FeCoNi and FeCo NAs have fcc
and bcc structures, periodically repeated slabs of three atomic layers were used for the FeCo(001)

and FeCoNi(111) surface models. The surface size of FeCo(001) and FeCoNi(111) is 11.43 A x
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1143 A and 7.53 A x 13.04 A, respectively. All atoms positions of the slab were fixed. At the
adsorption process, one O-H bond of glycolic acid was dissociated due to ionization by alkaline

solvent. Here, for neutralization of the model, a hydrogen atom is set at bottom of the slab.
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Table S2. Catalytic systems for EG electrooxidation.

Catalyst Conditions

Current Efficiencies or Selectivity (%)

Glycolic Acid
(Glycolate)

Oxalic Acid
(Oxalate)

Formic Acid
(Formate)

Ref.

20wt% KOH
30wt% EG
0.4V (vs. RHE)

FeCoNi/C

36.0°

43.5¢

0(1

This Work

1 mol/dm® KOH
0.5 mol/dm® EG
0.5 V (vs. RHE)

PtNiSnO,/C

80°

<7

13¢

2.0 M KOH
1.0 M EG
0.5V (vs. RHE)

Pt/C

95"

1.3°

3.7°

2.0 M KOH

Pd(NiZn)/C 5.0wt% EG
after DEGFC testing
(const. 20 mA cm™)

554°

37.6°

0(1

a. Current efficiency, b. Selectivity

Reported results regarding the EG electrooxidation are tabulated in Table S2. The current

efficiency and product selectivity are discussed in only three reports. The other reports for EG

electrooxidation catalyst are listed as reference numbers of

9-43

S12



Table S3. Chemical composition of Fe-group NA and monometallic NP catalysts.

FeCoNi/C? FeCo/C FeNi/C CoNi/C Fe(bcc)/C? Fe(fcc)/C?  Co/C Ni/C
Metal content / wt%
38.1 383 40.1 37.0 28.5 482 463
Molar ratio / %"
Fe 334 45.7 473 - 100 - -
Co 369 543 - 492 - 100 -
Ni 29.7 - 52.7 50.8 - - 100
Composition ratio / % ©
Fe 333 50 50 - 100 - -
Co 333 50 - 50 - 100 -
Ni 333 - 50 50 - - 100

a: see Ref. 2, b: obtained by ICP-MS, c¢: composition ratio at the synthesis steps.
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Fig. S1. Line profiles for FeCo/C shown in BF-STEM image (left). Targeted particles were
randomly selected and marked with arrows (a-c). Scans were performed along lines marked as a-c
in the BF-STEM image on the left. The line intensity of characteristic X-rays, such as Fe-Ka, Co-
Ka and Ni-Ka, from the targeted particle is indicated with blue, red, and green dots, respectively.

Insets: HAADF images of the selected particles.
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Fig. S2. Line profiles for FeNi/C shown in BF-STEM image (left). Targeted particles were

randomly selected and marked with arrows (a-c). Scans were performed along lines marked as a-c

in the BF-STEM image on the left. The line intensity of characteristic X-rays, such as Fe-Ka, Co-

Ka and Ni-Ka, from the targeted particle is indicated with blue, red, and green dots, respectively.

Insets: HAADF images of the selected particles.
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Fig. S3. Line profiles for CoNi/C shown in BF-STEM image (left). Targeted particles were
randomly selected and marked with arrows (a and b). Scans were performed along lines marked as
a and b in the BF-STEM image on the left. The line intensity of characteristic X-rays, such as Fe-
Ka, Co-Ka and Ni-Ka, from the targeted particle is indicated with blue, red, and green dots,

respectively. Insets: HAADF images of the selected particles.
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Fig. S4. Powder XRD patterns (black) of (a, left) FeCoNi/C, (b, left) FeCo/C, (c, left) FeNi/C, and

(d, left) CoNi/C and optimized Rietveld profiles (red), with (right) close-up patterns around the

lowest angle peaks.

S17



Fig. S5. TEM images of (a) Fe/C, (b) Co/C, and (c) Ni/C.
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optimized Rietveld profiles (red), with (right) close-up patterns around the lowest angle peaks.
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10.

Table S4. Structural parameters of Fe-group NA and monometallic NP catalysts determined

by Rietveld analyses.
FeCoNi/C FeCo/C FeNi/C CoNi/C

Percentage (%) 100 100 100 100
Crystal system Cubic Cubic Cubic Cubic
Space group Fm-3m Im-3m Fm-3m Fm-3m
a(A) 3.57418(8) 2.85671(3) 3.53373(12) 3.58464(5)
d (°) 37.2(21) 58.2(4) 30.2(2) 44 .4(2)
V(A% 45.659(3) 23.3131(9) 44.127(4) 46.061(2)
T (K) 298 298 298 298
R, 248 2.55 3.51 244
Ry»p 3.37 3.62 523 3.34
20 range 110-520° 110-520° 110-520° 110-520°
Wavelength (A) 0.579059 0.579059 0.579059 0.579059

Fe/C(fcc) Fe/C(bcc) Co/C(fcc) Co/C(hcp) Ni/C
Percentage (%) 2451 75.49 98.75 1.25 100
Crystal system Cubic Cubic Cubic Hexagonal Cubic
Space group Fm-3m Im-3m Fm-3m P6,/mmc Fm-3m
a(A) 3.58233(10) 2.86751(6) 3.54438 (10) 2.5062(4) 3.52461(4)
¢ (A) 4.0867(17)
d (°) 51.8(10) 45.5(3) 29.8(2) 43.0(6) 41.8(2)
V(A% 45972(9)  23.5785(14)  44.527(4)  22.230(12) 43.786(2)
T (K) 298 298 298
R, 2.74 4.02 227
Ryp 3.74 591 3.29
20 range 110-520° 110-520° 110-520°
Wavelength (A) 0.579059 0.579059 0.579059
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25.9 degrees for the support.
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13.

Fig. S9. TEM images of (a) Co/C, (b) FeCo/C, and (c) FeCoNi/C after the CA experiment at 1.0 V

(vs. RHE) for 125 min.
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Fig. S11. (a) Number of electrons per metal weight in catalyst, together with (b) those at lower
potentials, (c¢) Coulomb number, (d) current efficiency, and (e) number of electrons based
selectivity, related to the oxidized product formation from EG on Co/C, FeCo/C, and FeCoNi/C

catalysts, together with those of Pt/C, counted after 125 min at several potentials (0.4, 0.6, 1.0, and
1.2 V vs.RHE).
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Table S5. Adsorption energy of glycolic acid on FeCo(001) and FeCoNi(111)
when two oxygen atoms of a glycolic acid molecule are placed on Fe, Co, and Ni

atoms. The origin corresponds to the sum of the total energy of an isolated glycolic

acid molecule and the isolated surface.

Surface Adsorption sites of two oxygen Adsorption energy
atom of a glycolic acid molecule (kcal/mol)
O/Fe and O/Fe 44 .05
FeCo(001)
O/Fe and O/Co 37.58
O/Fe and O/Fe 5.96
FeCoNi(111) O/Fe and O/Co 5.89
O/Fe and O/Ni 4.64

* O/Fe means the adsorption of an oxygen atom of a glycolic acid molecule on a Fe atom of

FeCo(001) or FeCoNi(111).
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Fig. S12. Adsorption configurations of glycolic acid (a) at an initial state and (b) after C-C bond
dissociation on FeCo(001), and (c) at the initial state and (d) after C-C bond dissociation on
FeCoNi(111). For neutralization of the model, a hydrogen atom is placed at bottom of the slab.
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Table S6. Charges and C-C bond lengths of a glycolic acid molecule on FeCo(001)

and FeCoNi(111) surfaces at initial, transition, and final states.

Surface Charge of glycolic acid C-C bond length (A)
Initial state -0.468 1.544
FeCo(001) Transition state -0.346 2.745
Final state -0.344 3.819
Initial state -0.391 1.538
FeCoNi(111) Transition state -0.342 2.488
Final state -0.135 4.046
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Fig. S13. Density of states (DOS) for (a) FeCo(001) and (b) FeCoNi(111). The vertical dashed line
is the energy level of LUMO of glycolic acid. The vertical solid lines corresponds to d-band centers

of the FeCo(001) and FeCoNi(111) surfaces. The origin of energy corresponds to a vacuum level.
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Table S7. Power generation from direct EG FCs using several NA catalyst.

Anode Catalyst

Conditions

Maximum Power Density / mW cm™

Ref.

FeCoNi/C

20wt% KOH
30wt% EG

70 °C

NaCo,0, (Cathode)

34at035V

This Work

FeCo/C

20wt% KOH
30wt% EG

70 °C

NaCo,0, (Cathode)

462at033V

This Work

Fe/C

20wt% KOH
30wt% EG

70 °C

NaCo,0, (Cathode)

88at0.25V

This Work

Co/C

20wt% KOH
30wt% EG

70 °C

NaCo,0, (Cathode)

346at031V

This Work

Ni/C

20wt% KOH
30wt% EG

70 °C

NaCo,0, (Cathode)

214at035V

This Work

Pt/C

2.0 M NaOH
1.0 M EG

o

5
FeCuN,/C (Cathode)

71at027V

Pd(NiZn)/C

2.0M KOH
Swt% EG

25°C

FeCo/C (Cathode)

24 at0.17 V

Pd(NiZn)/C

20 M KOH
SWE% EG

80 °C
FeCo/C (Cathode)

95at023V

Pd/C

2.0M KOH
S5wt% EG

25°C

FeCo/C (Cathode)

12at0.13 V

Pd/C

2.0M KOH
S5wt% EG

80 °C

FeCo/C (Cathode)

65at0.19V

Pt/C

4.0 M NaOH
20MEG

20 °C

Pt/C (Cathode)

19 at approximately 0.23 V

21

Ptﬂ.4SPd0 .45B iO.l/c

4.0 M NaOH
20MEG

20 °C

Pt/C (Cathode)

28 at approximately 0.37 V

21

PtRu/C

2.0 M NaOH
1.0 M EG

o

9
Pt/C (Cathode)

9 at approximately 0.35 V

25

PdNi/C

7.0 M KOH

1.0 M EG

60 °C

non-platinum Hyper-MEC™ (Cathode)

67 at approximately 0.27 V

44

PdNi/C

1.0 M KOH

1.0 M EG

60 °C

non-platinum Hyper-MEC™ (Cathode)

35 at approximately 0.22 V

44
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