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EXPERIMENTAL SECTION

Materials 

Platinum acetylacetonate (Pt(acac)2, 97%), Nickel (II) acetylacetonate (Ni(acac)2, 95%), Ruthenium (III) 

acetylacetonate (Ru(acac)3, 97%), Oleylamine (OAm, C18H35NH2, 70%), Oleic Acid (OA, C17H33COOH, 90%), 1-

Octadecene (90%), Ethylene glycol (EG, 99.8%), Trioctylphosphine (TOP, 90%), Polyvinylpyrrolidone (PVP, 

(C6H9NO)n, MW ~55k), 11-mercaptoundecanoic acid (MUA, 95%), 3-mercaptopropionic acid (MPA, ≥99%), 4-

mercaptophenol (MP, 97%), 3-mercaptobenzoic acid (MBA, 95%) and Iron (0) Pentacarbonyl (Fe(CO)5) were 

purchased from Sigma-Aldrich. Hexane, Ethanol, Methanol, Acetone, Isopropyl alcohol was purchased from 

Samchun Chemicals. All chemicals were used without further purification.

Synthesis of platinum nanoparticles

Platinum nanoparticles were synthesized using a modified literature procedure. [1] All reactions were carried out under 

a nitrogen atmosphere using standard Schlenk line techniques. In a 100 mL flask, Pt(acac)2 (0.1 g, 0.25 mmol), ODE 

(10 mL), OA (1 mL), and OAm (1 mL) were mixed under magnetic stirring. The mixture was then heated to 90 °C 

under vacuum for 1 h to dissolve Pt(acac)2. The temperature was then raised to 180 °C under N2 flow and 0.1 mL of 

a solution of Fe(CO)5 in hexane (prepared from 0.1 mL Fe(CO)5 in 1 mL hexane) was quickly injected into the hot 

solution. The solution was kept at this temperature for 5 minutes before it was quenched by the addition of 40 mL of 

isopropyl alcohol (IPA). The solution was then centrifuged (10000 rpm, 10 min) to precipitate and separate the 

nanoparticles. The resulting mixture was washed twice with hexane (6 mL) and ethanol (30 mL) using centrifugation 

(10,000 rpm, 10 min) to remove impurities and excess reagents, and the final product was dispersed in 5 mL of hexane. 

Synthesis of ruthenium nanoparticles

Ruthenium nanoparticles were synthesized using a modified literature procedure. [2] All reactions were conducted 

under a nitrogen atmosphere using standard Schlenk line techniques. In a typical synthesis, Ru(acac)3 (0.1 g, 0.25 

mmol), EG (5 mL), and PVP (0.01 g), were mixed in a 100 mL flask under magnetic stirring. The mixture was 



degassed at 120 °C for 30 minutes and then heated to 180 °C under N2 flow and maintained at this temperature for 3 

h. The solution was quenched in an ice-water bath and 40 mL of acetone was added and then centrifuged (10000 rpm, 

10 min) to rinse and separate the nanoparticles. For the ligand exchange process, the supernatant was discarded and 

the separated nanoparticle precipitate in the centrifuge tube was further used. Otherwise, the separated nanoparticle 

was re-dispersed in 10 mL methanol. 

Ligand exchange on ruthenium nanoparticles

Following a previously reported protocol, [3] 50 mg of MUA was dissolved in 5 mL of methanol (or 20 µL for MPA, 

35.3 mg for MBA, 28.9 mg for MP) and tetramethylammonium hydroxipentahydrate was added dropwise until the 

pH reached 11. Then, 4 mL of the ligand solution was added to the Ru NP precipitate in the centrifuge tube and 

sonicated for 5 secs. The resulting dispersion was precipitated again by the addition of 30 mL of toluene, followed by 

centrifugation at 10,000 rpm for 5 min. The precipitate was then redispersed in 2.5 mL of methanol. 

Synthesis of nickel nanoparticles

Nickel nanoparticles were synthesized using a modified literature procedure. [4] All reactions were conducted under a 

nitrogen atmosphere using standard Schlenk line techniques. Ni(acac)2 (0.162 g, 0.63 mmol), OAm (8 mL) and TOP 

(2 mL), were mixed under N2 and magnetic stirring. The mixture was then heated to 215 °C and held for 30 min. The 

solution was quenched by slowly adding 40 mL of ethanol and the centrifuged (10000 rpm, 10 min) to wash and 

separate the nanoparticles. The final product was dispersed in 5 mL of hexane after washing twice with hexane/ethanol. 

Drop-assisted immersion coating

0.2 mL of concentrated nanoparticle dispersion was diluted into 15 mL of solvent (hexane for Pt and Ni, methanol for 

Ru) and mixed to ensure homogeneity. The PBMO substrate was placed in a 60 mm diameter Petri dish, after which 

the diluted NP solution was added dropwise until the substrate was fully submerged. The system was left undisturbed 

for 2 h to allow uniform coating of the nanoparticles throughout the porous architecture, after which the substrate was 



removed and air-dried under ambient conditions for 1 h.

Cell preparation

To prepare symmetrical half-cells, the synthesized PBMO powder was mixed with ethanol and an ink vehicle (Fuel 

Cell Materials Co.) via ball milling to produce a slurry. The PBMO slurry was then screen-printed onto both sides of 

a 1 cm x 1 cm Y2O3-stabilized ZrO2 (Y0.08Zr0.92O1.96, YSZ) electrolyte with thickness of around 25 μm. To prevent a 

side reaction at the YSZ electrolyte and PBMO, a Gd-doped CeO2 (Ce0.9Gd0.1O1.95, GDC) interlayer was deposited via 

Pulse Layer Deposition (PLD) followed by sintered at 950 oC for one hour, to ensure adhesion. 

Atomic layer deposition

Thin Al2O3 overlayer was deposited using trimethylaluminum (TMA) as the Al precursor and water as the oxidant at 

150 °C for 20 cycles. A typical cycle followed the sequence: Al precursor dose (0.2 s) – Ar purge (15 s) –  water dose 

(0.2 s) – Ar purge (15 s).

Thin ZnO overlayer was deposited using diethylzinc (DEZ) as the Zn precursor and water as the oxidant at 140 °C for 

10 cycles. A typical cycle followed the sequence: Zn precursor dose (1.2 s) – Ar purge (30 s) –  water dose (0.5 s) – 

Ar purge (60 s).

Characterization

The size and morphology of the nanoparticles were assessed using high-resolution transmission electron microscopy 

(HRTEM, F200S, Talos) operated at an accelerating voltage of 200 kV, equipped with EDX for elemental mapping. 

For TEM analysis, diluted nanoparticle dispersions were drop-cast onto carbon-coated copper grids. The crystal 

structure of the NPs was investigated using X-ray diffraction (XRD, SmartLab, Rigaku) with a Cu Kα source (l = 

1.5418Å) operated at 40 kV and 40 mA. NP-decorated structures were examined using high-resolution field emission 

scanning electron microscopy (FE-SEM, Carl Zeiss, Sigma HD). The chemical composition and oxidation states of 

pristine and NP-decorated PBMO samples were analyzed using in situ X-ray photoelectron spectroscopy (XPS, Axis-

Supra, Kratos), with measurements conducted at 700 °C, under ultra-high vacuum conditions (below 10−8 mbar). The 



fitting of XPS spectra was conducted using Casa XPS software for better chemical quantification. Electrochemical 

performance was assessed using symmetric cells configured as PBMO|GDC|YSZ|GDC|PBMO. Impedance spectra 

were acquired via electrochemical impedance spectroscopy (EIS, VSP-300, BioLogic) within a custom-built fuel cell 

test station operating at 600 – 700 °C. During measurements, wet (3% H2O) CH4 was delivered at a constant total flow 

rate of 100 sccm using mass flow controllers. Short-term stability testing was performed under a constant voltage load 

of 0.65 V at 700 °C. Distribution of relaxation time (DRT) analysis was conducted with DRT tools and software 

obtained from Ciucci’s group. [5]



 

Figure S1. X-ray diffraction (XRD) pattern of Pr0.5Ba0.5MnO3-δ anode in the as-prepared state and after treatment in 

H2 at 700 oC.

Figure S2. (a) HAADF-STEM, (c–d) corresponding elemental mapping images and (e) XRD pattern of colloidally 

synthesized Ni nanoparticles.



Figure S3. XRD patterns of synthesized (a) Pt and (b) Ru nanoparticles.

Figure S4. (a) schematic illustration of the solution-based drop-assisted immersion coating technique used in this 

study. (b) Image of Pr0.5Ba0.5MnO3-δ screen-printed onto a 1 cm x 1 cm substrate.



Figure S5. SEM images of (a–c) PBMO/Pt and (d–f) PBMO/Ru electrodes prepared using colloidal solutions with (a, 

d) high surfactant content, (b, e) low surfactant content, and (c, f) highly concentrated nanoparticles.

Figure S6. SEM image of PBMO/Ru-PVP electrodes before ligand exchange.



Chart S1. Chemical structures of (a) 11-mercaptoundecanoic acid (MUA), (b) 3-mercaptopropionic acid (MPA), (c) 

4-mercaptophenol (MP), and (d) 3-mercaptobenzoic acid (MBA)

Figure S7. (a) TEM images of Ru nanoparticles following ligand exchange with various thiol-based ligands. (b) SEM 

images of the corresponding Ru nanoparticles from (a) deposited onto PBMO.



Figure S8. Comparison results between bare PBMO and PBMO/Al2O3. (a) Nyquist plot at 700 oC and (b) Arrhenius 

plot.



Figure S9. XPS scans of the Mn 2p3/2 core-level peak spectra recorded from (a) bare PBMO/Al2O3 (b) 

PBMO/Pt/Al2O3 (c) PBMO/Ni/Al2O3, and (d) PBMO/Ru/Al2O3 samples.

Table S1. Mn 2p3/2 fitting parameters (peak position, fraction, and Δ) for Mn (II-IV) and corresponding shake-up 
peaks of Figure S8.

Compound Peak 1
(Position)

Fraction
(%)

Peak 2
Δ(Peak 2-Peak 1)

Fraction
(%)

Peak 3
Δ(Peak 3-Peak 1)

Fraction
(%)

Peak 4
Δ(Peak 4-Peak 1)

Fraction
(%)

Mn(II) 640.3 ± 0.5 eV 44.4 1.2 eV 33.8 2.0 eV 21.8

Mn(III) 641.2 ± 0.5 eV 25.7 0.7 eV 25.7 1.5 eV 29.8 2.5 eV 18.8

Mn(IV) 643.0 ± 0.5 eV 51.1 1.0 eV 32.6 1.8 eV 16.3

Mn(II)
Shake-up 645.5 ± 0.2 eV

Mn(III)
Shake-up 646.5 ± 0.2 eV

Table S2. Summarized XPS fitting on Mn 2p3/2 spectra for (a) PBMO-Al2O3, (b) PBMO-Pt- Al2O3, (c) PBMO-Ni- 

Al2O3, and (d) PBMO-Ru-Al2O3 as depicted on Figure S8.

Samples Mn(II)
2p3/2

Mn(III)
2p3/2

Mn(IV)
2p3/2

Mn(II)
Shake-up

Mn(III)
Shake-up

Total Mn 
Oxidation State

Bare 16.7 % 52.0% 24.0% 3.5% 3.8% +3.04

Pt 25.8% 54.1% 10.6% 4.2% 1.7% +2.77

Ni 17.6% 64.7% 12.1% 4.4% 1.2% +2.90

Ru 19.0% 61.5% 11.7% 4.9% 2.0% +2.87

The interfacial chemical environment of Al2O3-coated and nanoparticle-functionalized PBMO electrodes was 

investigated using X-ray photoelectron spectroscopy (XPS). Figure S9 shows comparison of Mn 2p spectra of four 

representative samples in this study. The XPS deconvolution was conducted using the fitting parameters summarized 

in Table S1. Specifically, the Mn 2p3/2 spectra was fitted with three peaks for Mn(II), four peaks for Mn(III), and three 



peaks for Mn(IV), each constrained by the fixed fractional ratio and energy separation (Δ) derived from reference 

data. [6–9] In addition, two shake-up peaks corresponding to Mn(II) and Mn(III) were included. [10] 

The relative proportions of Mn oxidation states obtained from the fittings for PBMO-Al2O3, PBMO-Pt-Al2O3, PBMO-

Ni-Al2O3, PBMO-Ru-Al2O3 were summarized in Table S2. A clear increase in Mn(II) component was observed upon 

nanoparticle incorporation, indicating partial reduction of Mn species at the electrode surface. [11] Consequently, the 

average Mn oxidation states were calculated to be +3.04, +2.90, +2.87, and +2.77 for the bare, Ni-, Ru-, and Pt-

modified samples, respectively. Considering the critical role of Mn oxidation state in determining the catalytic 

activities, [12,13] these findings are consistent with the electrochemical impedance spectroscopy (EIS) results shown in 

Figure 5 in the main text.

Figure S10. Stability test results of PBMO/Ni/Al2O3 and PBMO/Pt/Al2O3 over 50 h of operation. (a) Resistance 

change over time and (b-c) corresponding Nyquist plot of (b) PBMO/Ni/Al2O3 and (c) PBMO/Pt/Al2O3.



Figure S11. Comparison of improving factor (i.e., Activity, with NPs / Activity, bare anode) with other literature applying 

nanoparticles to SOFC anode. [14–27]
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