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Experimental Section

Materials

Ammonium tetrachloropalladate ((NH4),PdCl;, 97%), chromium hexacarbonyl
(Cr(CO)s, 99%), Hexadecyl trimethyl ammonium bromide (CTAB, 99%),
polyvinylpyrrolidone (PVP-8000), Absolute methanol, HCOOH and N,N-
dimethylformamide (DMF, 99.8) were purchased from Aladdin. Formaldehyde
(HCHO, 37%) were obtained from Alfa Aesar. KOH (AR) and Chromium (III)

acetylacetonate(Cr(acac);, 98%) were purchased from Macklin. Pt/C (20 wt %, 60

wt %) and Pd/C (20 wt %) was obtained from Johnson Matthey. Vulcan XC-72 was
got from Cabot.

Synthesis of 3D PdCr MNR catalysts

In a typical synthesis, 8.6 mg of (NH4),PdCly, 4.4 mg of Cr(CO)4, 40 mg of CTAB,
100 mg PVP, 0.1 mL of formaldehyde and 10 mL DMF were added to a 20 mL
Teflon-lined stainless-steel autoclave, followed by stirring for 15 minutes. The
mixture was transferred to an oven and heated at 150 °C for 12 h. The synthesized
product was cooled to room temperature, centrifuged with ethanol and washed three
times (10,000 rpm for 15 min). Finally, the obtained 3D PdCr MNR was preserved in
ethanol.

Characterizations

The shape and size of samples were analysed by Transmission electron microscope
(TEM; JEM-1400 Flash at 120KV) and double spherical aberration-corrected (AC)
transmission electron microscopy high-resolution (FEI, Themis Z). The inductively
coupled plasma optical emission spectrometry (ICP-OES) (Thermo Fisher Scientific,

iCAP 7200) was used to analyze composition of samples. The X-ray diffraction (XRD)



patterns of the samples were recorded on a Bruker D8 Advance diffractometer with
Cu Ko radiation (A=1.5418 A) with graphite monochromator (40 KV, 40 mA). X-ray
photoelectron spectroscopy (XPS) measurements were performed using AIK, X-ray

radiation (1486.6 eV) for excitation at 150 W (Thermo Fisher Scientific, USA).
Measurement of ORR

Electrochemical tests were carried out on CHI760E electrochemical analyzer
(CHI instrument, Shanghai, ChenHua Co., Ltd.) using a three-electrode system.
Glassy carbon (GC, ® =5 mm, 0.196 cm?) rotating disk electrode (RDE) (PINE, USA)
was used as the working electrode, while Hg/HgO electrode and graphite rod were the
reference and counter electrodes, respectively. 200 puL of the 3D PdCr MNR catalyst,
1 mg of XC-72 and 50 pL Nafion (1 wt %) were dispersed in 750 pL isopropanol.
The ink was formed after 45 minutes ultrasound. All the electrochemical
measurements were conducted at room temperature. The suspension of catalysts was
spread on the GC electrode, and the Pd/Pt loading on GC was in the range of 10~10.7
ug cm?2. The cyclic voltammetry (CV) curves were recorded in Na-saturated 0.1 M
KOH solution at a sweep rate of 50 mV s-!. The ORR measurements were performed
in O,-saturated 0.1 M KOH solutions at a scan rate of 10 mV s! and a rotation speed
of 1600 rpm. The LSV polarization curve of ORR was normalized with geometric
area unless otherwise marked.

DMFC test
At the anode, catalyst inks were made by mixing Pt/C (60 wt.%), 200 uL water, 3 mL

isopropanol, and 100 pL polytetrafluoroethylene (PTFE) solution (15 wt %). The

anode catalyst was coated with nickel foam (2 X2 cm?). At the cathode, Pt/C (60 wt

%) or 3D PdCr MNR/XC-72 mixtures were dispersed in 200 pL water, 3mL
isopropanol and 100 pL Nafion solution (5 wt %), and the ensuing mixture was

subjected to ultrasound for 45 min. The cathode catalyst was coated on a gas diffusion

layer (2 X2 cm?). The metal (Pt) loading of both the anode and cathode catalysts were

0.8 mg cm2 Anion exchange membrane (FAAM-20) was immersed in 6 M



potassium hydroxide solution at 60°C for 24 h, followed by polarization curve

measurements using a fuel cell test system (850e, Scribner Associates Inc.). The

anode fuel was 6 M KOH + 6 M CH;0H solution with an injection rate of 2 mL min ™!,

the cathode gas was O,, and the flow rate was 200 mL min™!. The performance of the

battery was carried out at 80°C.
The computing method of ECSA

In alkaline solution, the electrochemically active surface area (ECSA) can be
calculated from charges changes in the reduction region of PdO according to the
equation as follow:

ECSA = Q/(0.405%Pd,,)
Pd,, is associated with the loading of Pd on the work electrode, 0.405 mC cm? is a
constant assuming that a monolayer of PdO was reduced on the Pd surface and Q (mC)
is the reduction charge of PdO.
The ECSA of Pt/C were calculated by the following equation:

ECSA = Qu/(210xPty,),
Qy is the charge for Hupd adsorption determined using Qg = 0.5%Q, Pt,, is associated
with the loading of Pt on the work electrode, and 210 uC cm2 is the charge required
for the monolayer adsorption of hydrogen on the Pt surface.
Accelerated durability tests
The accelerated durability tests were carried out in O,-saturated 0.1 M KOH solution
by applying cyclic potential sweeps between 0.57 and 1.07 V (at 0.9 V vs. RHE) at a
sweep rate of 100 mV s,
Methanol tolerance test
The measurements of methanol tolerance were performed by directly introducing 0.1
M CH;O0H into electrolyte solution during ORR test.
In situ anti-CO performance
In situ anti-CO experiments for ORR were tested in 0.1 M KOH solution at a scan
rate of 10 mV s! and a rotation speed of 1600 rpm. After obtaining a stable

polarization curve in O,-saturated solution, CO gas was introduced at a flow rate of



10 mL min! for 5 minutes, and the CO gas stream was maintained during the
polarization curve measurement.

The electron transfer number (n) and the peroxide yield (H,0,%)

The electron transfer number and the corresponding H,O, formation of the ORR can

be estimated according to the following equations:
41,
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where I3 and I; are the disk and ring current measured from the RRDE tests and N

H,0,% =

(0.37) represents the collection efficiency of the Pt ring.

Formic acid oxidation (FAQO) performance

The cyclic voltammetry (CV) curves were recorded in the N2-saturated 0.1 M HCIO,
solution or 0.1 M HCIO4 + 0.5 M HCOOH solution, a Ag/AgCl electrode and a
graphite rod were used as the reference and counter electrode, respectively. The
suspension of catalysts was spread on the GC electrode. And the potential was
scanned from -0.25 to 0.9 V (Ag/AgCl) at a scan rate of 50 mV s°!. Later, the current—
time (i-t) test was performed at 0.1 V for 3600 s.

DFAFC test

Pt/C (60 wt %) or 3D PdCr MNR/XC-72 mixtures were dispersed in 100 pL water,

ImL isopropanol and 30 uL Nafion solution (5 wt %), The cathode catalyst Pt/C and

the anode catalyst 3D PdCr MNR/C were coated on a gas diffusion layer (2 X2 cm?),

respectively. The metal (Pt) loading of both the anode and cathode catalysts were 0.4

mg cm 2. The Nafionl15 membranes were treated with hydrogen peroxide, sulfuric

acid, and water at 80°C for 30 min respectively. Followed by polarization curve

measurements using a fuel cell test system (850e, Scribner Associates Inc.). The

anode fuel was 3 M HCOOH solution with an injection rate of 3 mL min™!, the

cathode gas was O,, and the flow rate was 300 mL min!. The performance of the

battery was carried out at 80 °C.



Fig. S2 (a,b) Spherical AC-HRTEM images and the corresponding FFT patterns of



3D PdCr MNR obtained in different regions.
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Fig. S3 (a)-(d) Spherical AC HAADF-STEM images and corresponding elemental mappings of

3D PdCr MNR at different positions and magnifications. (Pd: green, Cr: yellow and O: blue)




Fig. S4 TEM images of products collected from the reaction with the same conditions used in the

synthesis of 3D PdCr MNR. (a) in the absence of Cr(CO)s. (b) Use Cr(acac); instead of Cr(CO)s.

Table S1. XRD informations of different samples.

Sample 20 d(A) | a(A) | Strain (%)
Pd (PDF-46-1043) | 40.119 | 2.248 | 3.893 /

3D PdCr MNR | 39.642 | 2.273 | 3.937 1.13
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Fig. S5 (a) XPS full spectra, (b)XPS spectra of O |5 for 3D PdCr MNR.

Fig. S6 (a-c) TEM images of 3D PdCr MNR/C.
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Fig. S7 Cyclic voltammetry (CV) curves of commercial Pd/C, Pt/C and 3D PdCr MNR/C in 0.1 M

KOH solution.
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Fig. S8 ECSA-normalized LSV curves of commercial Pd/C and 3D PdCr MNR/C in 0.1 M KOH

before stability.
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Fig. S9 Electrochemical impedance spectroscopy (EIS) of the as-synthesized Pd/C, Pt/C and 3D
PdCr MNR/C. EIS was carried out in O,-saturated 0.1 mol L-' KOH at 0.9 V (vs. RHE), in the
frequency range from 100 kHz to 0.01 Hz with a rotation rate of 1600 rpm (inset is the equivalent
circuit).

The EIS test is a standard three-electrode system with multiple contact interfaces.
Between the working electrode and the reference electrode is the range of the applied
AC frequency (sine wave) potential signal. Within this interval, the following
components can be considered: 1) the resistance of the cable; 2) the resistance inside
the working electrode; 3) the resistance of the contact interface between the working
electrode and the solution; 4) the resistance of the solution between the working
electrode and the reference electrode; 5) the capacitance caused by the double electric
layer at the contact interface between the working electrode and the solution. Among
them, since the cable resistance, the resistance inside the working electrode, and the
solution resistance between the working electrode and the reference electrode are all
in a series state, they can be considered as one resistance according to the physical
theory. The resistance of the contact interface and the capacitance caused by the
contact interface double layer are considered to be in parallel because they are
generated at the same location.

Therefore, the following equivalent circuit diagram is also formed.
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Where Ry is the resistance of the electrolyte, Cq is the double layer capacitance of the
working electrode and Rct is the resistance of the electron transfer by the redox

reaction in the double layer.
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Fig. S10 (a) CV curves and (b) ECSA-normalized LSV curves of commercial Pd/C and 3D PdCr

MNR/C in 0.

1 M KOH after stability.
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Fig. S11 ORR polarization curves of commercial (a) Pd/C and (b) Pt/C in 0.1 M KOH solution

obtained after scanning 20,000 cycles.



Fig. S12 (a-c) TEM images of after scanning 20,000 cycles for 3D PdCr MNR/C.
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Fig. S13 ORR polarization curves of (a) commercial Pd/C, (b) Pt/C and (c) 3D PdCr MNR/C in

0.1 M KOH + 0.1 CH30H alkaline solution.



Table S2. Comparison of mass activity with reported Pd-based catalysts towards the ORR in

alkaline medium.

Half

Mass | Specific
Wave .. ..
Catalysts . Activity | Activity Reference
Potential (A/mg) | (mA/em?)
En(v) [
3D PdCr .
MNR 0.968 3.29 5.56 This work
[NAdv. Mater. 2022, 34,
c-Pd metallene 0.947 2.76 8.14 9202084,
Pd@PANI [2JAppl. Catal. B: Environ. 2015,
metallene 0.97 179 2.96 307, 35-42.
bd BJAngew. Chem. Int. Ed. 2021,
metallene 0.9 0.892 1.336 60, 12027—12031.
/C
Fe—Pd UPM 0.914 0.736 0.225 [“JACS Nano 2022, 16, 522-532.
RuOx-on-Pd [5JAngew. Chem. Int. Ed. 2021,
NSs/C 0.93 1.52 1.87 60, 16093—-16100.
[®JAngew. Chem. Int. Ed. 2021,
Pd;Pb UPINs 0.908 0.59 1.18 60. 10942—10949.
PdoPt;Ni; NSs 0.928 0.29 1.22 [7]Small 2022, 18, 2103665.
[BlEnergy Fuels 2022, 36,
WPd-H NSAs / 1.51 2.56 77757781
PIACS Catal. 2020, 10,
Pdns/WNI/C 0.906 0.496 /

4290—4298.
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Fig. S14 Cyclic voltammetry (CV) curves of commercial Pd/C, Pt/C and 3D PdCr MNR in 0.1 M

HCIO, solution.
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Fig. S15 Cyclic voltammetry (CV) curves (specific activity (a) and mass activity (b)) of 3D PdCr

MNR/C, commercial Pt/C and Pd/C in 0.1 M HCIO4+ 0.5 M HCOOH solution. (c) MA and SA



histograms of 3D PdCr MNR/C, commercial Pd/C and Pt/C. (d) Current—time curves of 3D PdCr

MNR, commercial Pt/C, and Pd/C in 0.1 M HCIO4 + 0.5 M HCOOH solution.
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Fig. S16 (a) Power density and polarization curves of the direct formic acid fuel cell of 3D PdCr
MNR/C. (b) Comparison of the peak power density (PPD) of 3D PdCr MNR/C with published

catalysts in direct formic acid fuel cells (Reference 10-14).
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