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Abstract: Here, we investigate the oxygen reduction reaction activity of near-monocrystalline 

platinum nanoflowers presenting a low microstrain to decorrelate the contribution of (i) distorted 

lattice and (ii) high coordination active sites found within the platinum nanoflower pores to the 

specific activity enhancement. The results are discussed within the framework of previous inves-

tigations onto various catalytic nanostructures. We evidenced that the microstrain of the platinum 
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nanoflowers stands out of the trends previously established for defective platinum-based 

nanostructures, where the activity is driven by lattice distortion. This indicates that (i) ‘defective’ 

structures with low lattice distortion, but high variation in coordination number, can be synthesized 

and (ii) that their specific activity improvement is comparable to the surface distortion approach 

in liquid electrolyte.  

 

Keywords: Oxygen Reduction Reaction; Platinum Nanoflowers; Fuel Cells; Microstrain; Local 

Coordination 

 

1. Introduction 

Platinum (Pt) is the leading electrocatalyst for use in hydrogen-based polymer electrolyte mem-

brane fuel cells (PEMFCs) for the sluggish, cathodic oxygen reduction reaction (ORR).1–7 The 

scarcity and high price of platinum remain a major roadblock and even state-of-the-art Pt-based 

catalysts still lack the activity and stability needed for wide-scale commercial deployment.8,9 To 

overcome these issues, the recent developments of platinum-based catalysts has turned away from 

the traditionally small, spherical nanoparticles of platinum to advanced structured nanoparticles in 

order to improve the intrinsic activity, electrochemically active surface area (ECSA), and stability 

during operation.10–12 Starting from the work of Stamenkovic et al. that underlined the substantially 

increased activity of Pt3Ni(111) crystal facets and the works from Zhang’s group and Strasser’s 

group that evidenced the superior performances of PtxNi octahedral nanoparticles (i.e. dominated 

by (111) facets) for the oxygen reduction reaction, 13–18 new directions have been undertaken to 

improve platinum-based electrocatalysts activity. Firstly, it was evidenced that the addition of al-

loying elements to the platinum crystal structure led to higher activities due to the strain effect, i.e. 



the contraction of the surface lattice parameter by sub-surface 3d-transition metals.14,19–21 Highly 

porous structures were also considered of interest due to their high surface area to volume ratio in 

comparison to their similarly sized solid counterpart, thus significantly increasing the active site 

density (and ECSA), as well as reducing the amount of precious metal required.22–24 Finally, struc-

tural disorder (i.e. variations in the local coordination and lattice parameter) has been shown to 

greatly influence the ORR performance of platinum-based nanostructures.12,25,26 In light of the 

recent progress in electrocatalyst design, two approaches seem to exist, i.e. disorder based, which 

consists of increasing the structural defects density to an optimum and order-based, which evolve 

around finely tuning the structure to expose the facets with the highest activity, and density of 

transition metal elements in the sub-surface layers. Within the disorder-based approaches, it can 

be argued that the contribution of structural defects arises from two different aspects: (i) the vari-

ation of the local coordination induced by the presence of crevasses or ad-atoms leading to an over, 

under or adequate coordination (generalized coordination number below, above or equal to 8.3, 

respectively) and (ii) the variation of the local lattice parameter, evidenced by the presence of 

microstrain, leading to either over, under or adequately packed atoms.27,28 Decorrelating those two 

contributions is challenging, as structurally disordered electrocatalysts often present both high lo-

cal variations in the coordination number (i.e. high density of crevasses, pores, adatoms) and 

highly polycrystalline structures that result in important microstrain. The objective of this work is 

thus to design a nanostructure exhibiting only one kind of structural defect, i.e. high variation of 

the local coordination number (e.g. due to porosities) without microstrain (i.e. a near monocrys-

talline structure, without alloying elements) to be compared, performance-wise and physicochem-

ical-wise, with a well-defined and understood defective nanostructure, the platinum-based ‘sea-

sponges’ 26. The paper will first discuss the synthetic pathway undergone to achieve said 



nanostructure, along with the innovative approach taken to remove active-site-poisoning organics 

tightly adsorbed or bound to the surface,29–31 before addressing its ORR activity and how it fits 

within the family of disordered nanostructures, to finally discussing the implementation of such 

complex nanostructures in proton exchange membrane fuel cells (PEMFCs).  

 

2. Experimental 

2.1. Materials 

Hexachloroplatinic acid (>99.9%), potassium iodide (99%), polyvinylpyrrolidone (40,000 mol 

wt.), ethylene glycol (99.8%), perchloric acid (70%) were all purchased from Sigma-Aldrich (Mil-

waukee, Wisconsin, United States of America) and used as-received. Vulcan XC-72R carbon black 

powder was acquired from Cabot Corporation (Boston, Massachusetts, United States of America) 

and used as-received. The reference electrocatalyst was acquired and used as-received from TKK 

(40 wt. % Pt/XC72).  

2.2. Platinum Nanoflowers Synthesis 

The synthesis method is a modified polyol method (heating of precursors in a typically diol-based 

solvent) adapted from a combination of different references, highlighting the effects of potassium 

iodide in nanostructure formation, such as platinum nanoflowers and PtCu octahedra.32–34 An 

amount of PtCl4 (or H2PtCl6 * 6(H2O)), KI, and polyvinylpyrrolidone (PVP) (in a molar ratio of 

1:6 for Pt:I and excess PVP) is mixed in ethylene glycol and heated in a microwave reactor to 

180°C. Upon cooling, the nanoparticles are separated by centrifugation and washed with ethanol 

and hexanes. Then the nanoparticles are redispersed in a water/ethylene glycol mixture where the 

carbon (Vulcan XC72R) is added for nanoparticle deposition. After 24 hours of mixing, the slurry 

is vacuum filtered and dried in an oven at 60°C before being ground into a fine powder. 

 



2.3. Materials Characterization 

X-ray Diffraction (XRD) was performed on a Rigaku Ultima III. A small amount of sample was 

spread thin and flat over a zero-background silicon holder and the data was collected from 5° to 

90° with a scan speed of 2°/min. Transmission Electron Microscopy (TEM) was performed on a 

JEOL JEM-2100F. High Resolution Scanning Transmission Electron Microscopy (HR-STEM) and 

Energy Dispersive X-ray spectroscopy (EDS) was performed on a JEOL JEM-ARM300F. The 

samples for both methods were the same and prepared by drop casting a small amount of sample 

in isopropyl alcohol onto a copper grid (300 mesh). Electron Tomography (ET) was done using a 

JEOL JEM-ARM300F in STEM mode with the same samples used for TEM and STEM imaging 

and were rotated from -20° to +20° in 1° increments. The images were then processed, the tomo-

gram was reconstructed, and the sample rotation video was created using ImageJ, eTomo, and 

iMovie programs. The electron diffraction-based orientation mapping was collected using the Na-

nomegas ASTAR on a JEOL JEM-2800. Thermogravimetric Analysis (TGA) was done on a Ne-

tzsch TG 209 F1 Libra by heating a small amount of sample powder (~2-10 mg) in an alumina 

crucible to 1100°C. Scanning Electron Microscopy (SEM) was performed on a FEI Magellan 400 

XHR. The sample was prepared by dusting a light coating of the sample powder over double sided 

copper tape mounted on a stub. X-ray Absorption Spectroscopy (XAS) data was collected at the 

10-BM beamline of the Advanced Photon Source (APS) at Argonne National Laboratory (ANL). 

The sample was mixed with binder and pressed as a pellet. The pellet was then sealed in a holder 

with Kapton tape. Measurements were conducted at the Pt L3 edge (11.564 keV) in transmission 

mode. The data was processed and modeled using the Demeter XAS software package.35 The EX-

AFS amplitude reduction factor S02 was determined to 0.74 based on the fitting of a standard ref-

erence material. The fits were performed in k-weight = 1,2,3 with a Fourier Transform range of 3 

Å−1 ⩽ k ⩽ 11.5 Å−1 (dk = 1 Å−1) and fitting window 1.3 Å ⩽ R ⩽ 3.3 Å. X-ray Photoelectron 

Spectroscopy (XPS) was performed on a Kratos AXIS Supra spectrometer with a monochromatic 



Al Kα source. CasaXPS software was used to analyze the data. Atomic concentrations of different 

elements were calculated based on their intensities and relative sensitivity factors. The fitting was 

based on our previous calculations and publications.36–38 The Wide-Angle X-ray Scattering 

(WAXS) pattern was measured at the ID31 beamline of the ESRF. The powder sample was loaded 

in a 1 mm Kapton capillary, and the energy of the X-ray radiations was 75 keV. The scattered signal 

was collected was collected using a Dectris Pilatus CdTe 2M detector positioned 106 mm behind 

the sample. Rietveld refinement was performed to extract the crystallite size, lattice and microstrain 

parameters from the Fm-3m cubic structure of platinum metal using the Fullprof software. The 

instrumental resolution function was determined by the refinement of a CeO2 standard sample. The 

Thomson-Cox-Hastings profile function was adopted. The background of pattern was described by 

an interpolated set of points with refinable intensities. 

2.4. Electrochemical Characterization 

The electrochemical performance of the catalyst was tested by rotating disc electrode (RDE) with 

40 µgPt/cm2 loading on the working electrode (WE) surface (0.247 cm2) and 0.1 M HClO4 as the 

electrolyte. The counter electrode (CE) used was a carbon rod and the reference electrode used was 

a reference hydrogen electrode (RHE). Pure carbon monoxide (99.5%) was introduced by light 

bubbling in the electrolyte for 5 minutes and then nitrogen gas (99.9999%) was purged through the 

electrolyte for an extra 25 minutes to remove all excess CO. The working electrode was held at 0.1 

V vs. RHE (all following potentials are provided vs. RHE) during the CO introduction process. The 

CO stripping cyclic voltammograms were taken at 20 mV/s from 0.1 to 1.2 V for three total cycles. 

This entire process was then repeated two times. Upon completion of the CO cleaning protocol, the 

electrochemical cell was washed and the electrolyte refreshed. Pure nitrogen gas (99.9999%) was 

bubbled in the electrolyte to de-aerate the electrolyte. Then electrochemical impedance spectros-

copy (EIS) was done to obtain the uncompensated resistance value for ohmic corrections. 100 ac-

tivation cycles were done with cyclic voltammetry from 0.1 to 1.2 V at 500 mV/s to clean the 



catalyst surface. Then, three cycles of cyclic voltammetry from 0.1 to 1.2 V at 20 mV/s were rec-

orded. Linear sweep voltammograms were taken from 0.05 to 1.05 V at 5 mV/s in nitrogen-satu-

rated and oxygen-saturated (with 99.5% oxygen gas) electrolyte at 1600 RPM.  

The electrocatalyst performance was then assessed in proton exchange membrane fuel cell. The 

cathode and anode catalyst layers were prepared by tape casting of the catalyst ink onto a 50 μm 

thick PTFE substrate with a wet film thicknesses ranging from 100 – 400 μm. The catalyst ink was 

prepared to achieve a 45 mgcarbon/mLsolvent with an ionomer to carbon ratio of 0.8. An optimum 

solvent ratio of 1:1 (DI water: IPA by weight) for a baseline catalyst ink was used while an IPA 

rich solvent ratio was used for the nanoflower catalyst ink. The ink was roll milled for 18 hours at 

60 rpm before tape casting to ensure a homogenous dispersion of the catalyst. A cathode loading 

of 0.15 mgPt/cm2 was targeted while the anode loading was kept at 0.1 mgPt/cm2. The MEAs (5 cm2 

area) were prepared by hot-pressing the anode and cathode catalyst layers (cut out from the tape 

casted PTFE substrate) onto the Nafion XL membrane and assembled into a Baltic fuel cell testing 

setup with a 7-channel serpentine flow field. 2% CO gas was introduced to the cathode side and 

then thoroughly flushed with N2 gas before completing the CVs from 0.1 to 1.2 V with a scan rate 

of 100 mV/s. This process was repeated three times in total. A break-in procedure occurred after 

the CO treatment with potential holds of 30s at 0.80, 0.60, and 0.30 V each until current density 

becomes constant. Polarization curves were taken with a 150 kPa back pressure in 100% RH from 

high to low current densities. EIS was completed from 10 kHz to 0.01 Hz at 0.2 V vs. RHE with 6 

pts/decade in a nitrogen-saturated environment on the cathode. Different nanoflower loadings (24 

vs. 50 wt. %) were used for liquid and solid characterization, the higher loading allowing for thin-

ner, and therefore more state-of-the-art consistent, catalyst layers (see Figure S3). Accelerated 

Stress Tests (AST) were performed under a H2 (anode) / N2 (cathode) as square wave cycling be-

tween 0.60 V and 0.95 V (3s – 3s) for 30,000 cycles at 80 °C and 100% relative humidity. 

 



 

 

Figure 1. Synthesis pathway undergone for the preparation, and cleaning, of the platinum nanoflowers.   

3. Results and Discussion 

3.1. Platinum Nanoflower Synthesis 

Hollow and porous nanoparticles have typically been prepared through subtractive growth or etch 

mechanisms, which tends to produce highly microstrained structures.23 Here, platinum nanoflow-

ers are synthesized with an adapted polyol method with a suspected additive growth mechanism 

(Fig. 1).32,39–42 This facile, one-pot synthesis produces a high yield of similar nanostructures with 

minimal materials synthesis treatments required. The modified polyol synthesis procedure utilizes 

a platinum salt precursor, iodide ions (for structure formation), and a polymeric surfactant all dis-

persed in ethylene glycol with microwave-assisted heating.43–46 Our understanding of the for-

mation mechanism is that the chloride ion complex (PtCl6
-) shifts in solution to an iodide ion com-

plex (PtI6
-) with the addition of iodine ions, as indicated by the immediate shift in solution color 

(yellow → orange → red). Studies of branched platinum nanoparticles have assessed that, if the 

growth kinetics dominates over the surface diffusion rates, anisotropic growth and anisotropic 

nanostructures are to be observed as final products.47 The more stable iodine complex leads to a 



higher instantaneous concentration of platinum-based species in solution inducing an easier re-

plenishing of the platinum precursors at the existing platinum seed interface, which thus favor 

growth limited by kinetics and thus, the growth of higher energy facets.32  

 

 

Figure 2. Micrographs of the platinum nanoflowers (d = 40 – 45 nm) obtained by (a) SEM, (b) HAADF-

STEM on unsupported nanostructures, (c) EDS elemental mapping; (d) electron tomography (see support-

ing information for the different angles); (e) dispersion of the platinum nanoflowers onto Vulcan XC72R, 

(f) orientation mapping of the platinum nanoflowers along x and y directions (individual nanoparticle size 

= ca. 45 nm) and (g) high resolution micrographs aiming to provide insights onto (i) the monocrystallinity 

of the platinum nanoflowers and (ii) the organic presence prior to the CO cleaning step.  

3.2. Nanoflower Structure  

Electron microscopy images show platinum nanoflowers being 40 - 45 nm in size and having good 

spatial dispersion on the Vulcan XC72R, as illustrated by Fig. 2. HR-STEM images show that the 



platinum nanoflowers are coated with a 1-2 nm thick layer of organics, as well as display a con-

tinuous crystallinity that is unbroken across pore channels (Fig. 2g). The crystallite size for these 

nanoflowers was determined, from the XRD patterns (Fig. 3) to be ca. 20 nm, which suggests that 

the structure has a minimal amount of grain boundaries compared to an analogous nanostructure, 

the “sea-sponge” type platinum-based electrocatalyst.25 This is further confirmed by (i) the elec-

tron diffraction-based orientation mappings (Fig. 2f) that evidenced that the nanoflowers are often 

mono- or bi-crystalline and (ii) the wide angle X-ray scattering, which evidenced a coherent do-

main size of ca. 17.5 nm, thus resulting in a microstrain of 24 %% (percentage of percentage, i.e., 

divided by 10,000) 26. For comparison, the “sea-sponges” exhibit a ca. 230 %% microstrain for a 

crystallite size of ca. 9 nm. Finally, from synchrotron based X-ray absorption spectroscopy, the 

XANES and EXAFS data confirm that the nanoflowers behave as reference platinum foil, further 

confirming the near-monocrystalline nanostructure (Fig. 3b-c).48 Electron tomography of a single 

nanoflower was completed by a HR-STEM tilt series (± 20°) and the resulting bright field images 

were stacked and aligned to create a 3D motion picture of the nanoflower (Fig. 2d and supporting 

video 1). The tomogram was reconstructed using the overlapping data from the tilt series showing 

the complexity of the inner pore structure, which is continuous from the center of the particle to 

its surface.  

 



Figure 3.  Materials properties of the platinum nanoflowers reveled with X-ray characterization: (a) XRD 

pattern of the nanoflowers supported onto Vulcan XC72R, (b) XANES and (c) EXAFS for the platinum 

nanoflowers supported on Vulcan XC72R vs. platinum foil (fit).  

3.3. Carbon Monoxide Surface Cleaning Protocol 

One of the major issues for the deployment of advanced structured nanoparticles is the remaining 

adsorbed organics originating from the synthesis process. In this case, polyvinylpyrrolidone 

(PVP), used as a surfactant, tends to be strongly adsorbed or bound to the surface of the platinum 

nanoflowers and it is apparent in the HR-STEM images (Fig. 2g) and pre-treated electrochemical 

tests (Fig. S2).30 Bulky organics used in the synthesis are typically removed by either solvent 

cleaning cycles or heat treatments, however the pore structure of the nanoflowers prevents both 

methods of removing leftover organics: (i) multiple solution-based cleaning protocols were tested 

to remove organics, however this type of cleaning had little effect; (ii) high temperature heat treat-

ments (~300-600°C) in inert atmospheres and under vacuum were investigated, however these 

methods caused significant morphological degradation and complete pore structure collapse of the 

nanoflowers.49–51 So, to obtain an electrochemically pristine surface, a carbon monoxide (CO) sur-

face cleaning method was adapted from Gong et al.29, which allowed the removal of a significant 

majority of organic molecules from the catalyst surface within three experimental cycles (see ex-

perimental section, Fig. 4 and further confirmation by XPS, see Fig. S1, based on the intensity of 

the N 1s signal). Mechanistically, the CO molecule is (i) able to access the platinum surface in the 

presence of PVP due to the small molecule size and (ii) strongly bind to the platinum surface, 

therefore replacing the PVP as the strongly adsorbed surface species and facilitating the removal 

of PVP through first diffusion/convection and then further during the CO oxidation reaction pro-

cess (i.e., with CO2 bubble generation at the reactive interface). Interestingly, the CO cleaning 



protocol shows a peak of higher current at higher potential in the first stripping cyclic voltammetry, 

followed by a much lower current peak shifted to lower potentials in successive strippings, sug-

gesting that the COads binding strength is greatly affected by the presence of PVP. This could either 

arise from (i) the PVP-induced steric obstruction of the platinum surface, which limits accessibility 

to the OHads species (needed for CO-oxidation step) or (ii) a PVP-induced modification of the 

platinum electronic structure, which either strengthen the COads adsorption or weaken the OHads 

adsorption.25,26. Notably, the mono-peak signal of the platinum nanoflowers provides further evi-

dence of the near-monocrystallinity of these structures, as Maillard et al. evidenced that the pres-

ence of grain boundaries was concomitant with the apparition of a pre-peak in the COads stripping 

signal.52  

 

 



Figure 4. Electrochemical properties of the platinum nanoflowers supported on Vulcan XC72R and com-

parison with the literature: (a) cyclic voltammetry in N2-saturated 0.1 M HClO4 (20 mV s-1), before and 

after COads cleaning; (b) COads stripping cycles leading to the surface cleaning; (c) linear sweep voltammetry 

in O2-saturated 0.1 M HClO4 (20 mV s-1, 1600 rpm) for Pt/C provided by TKK and the platinum nanoflow-

ers; (d) microstrain as a function of the specific activity at E vs. RHE = 0.95 V (SA0.95 V vs. RHE) for the 

nanoflowers and the library of electrocatalysts investigated by Chattot et al., i.e. ‘ordered’ structures, that 

exhibit only Ni-induced microstrain; ‘disordered’ structure where the defective nature is dominated by local 

variation of the lattice parameter, which include the PtNi sea-sponges; (e) cyclic voltammetry during MEA 

characterization, under N2-atmosphere, before and after COads cleaning; (f) COads stripping cycles in MEA 

leading to the surface cleaning; (g – h) polarization curves measured under air, with a backpressure of 150 

kPa and 100% relative humidity, for the platinum nanoflowers and the Pt/C TKK reference, along with the 

variations of the high frequency resistance (HFR) as a function of the current density; (g) also presents the 

data corrected from the HFR.  

3.4. Nanoflowers ORR Performance 

The catalytic activity of the nanoflowers towards the ORR was studied in 0.1 M HClO4. It was 

found that, like most catalysts having advanced structure, they suffered from a significantly lower 

ECSA compared to traditional nanoparticle standards (TKK), i.e. 12 m2 gPt
-1 (platinum nanoflow-

ers, calculated from the Hupd) or 13 m2 gPt
-1 (platinum nanoflowers, calculated from the COads 

stripping) vs. 90 m2 gPt
-1

 (TKK, calculated from the Hupd). This impacts the nanoflowers activity in 

the following way: although the nanoflowers present a higher specific activity (280, nanoflowers, 

vs. 71, TKK, µA cm-2
Pt at 0.95 V vs. RHE), the mass activity is lower (45, nanoflowers, vs. 65, 

TKK, A g-1
Pt at 0.95 V vs. RHE),  see Figure 4c). This nevertheless implies that some of the 

nanoflowers active sites exhibit far higher intrinsic activity than the Pt/C active sites, as evidenced 

by the differences in specific activities. Owing to the fact that the nanoflowers do not present 



clearly defined facets, by opposition to nanostructures such as PtxNi octahedra, this intrinsic activ-

ity enhancement is likely to arise from structural defects and, more specifically, (i) surface lattice 

distortion or (ii) variations in the local coordination number. Identifying which of these two dom-

inates can be done by comparing these structures to those discussed by Chattot et al. 25,26. Here, 

we aim to assess if the specific activity vs. microstrain of the platinum nanoflowers follow the 

same trend as observed for nanostructures for which the intrinsic activity results from high lattice 

distortion. This trend is presented in Fig. 4d. The nanoflowers present a low microstrain (21%%), 

which brings them within the family of catalysts where the microstrain solely results from the 

presence of an alloying element – which, incidentally, is absent from the platinum nanoflowers. 

This further strengthens the hypothesis that their activity improvement is neither correlated to sur-

face distortion or strain, ligand, or specific orientation effects, but to local variations of the gener-

alized coordination number. It is interesting to consider these findings in the prism of the work by 

Rück et al., which highlights how the optimal coordination number can be translated in electrocat-

alysts morphology, such as platinum rods with integrated concavities.53 There, they highlighted 

that rods, modified with ca. 2 nm diameters concavities could lead in specific activity improvement 

for the ORR of ca. 6 – 8. Such structures share similarities with the platinum nanoflowers, in the 

sense that the ‘petals’ can be seen as rods, and the porosities in-between as the integrated concav-

ities that host the near-optimal catalytic sites. An argument could be made that the activity im-

provement mainly arises from the crystallite size of the platinum nanoflowers, through the so-

called particle size effect, i.e. that the specific activity of a cubooctahedral nanoparticle increases 

with its size, reaching near-polycrystalline platinum activity at size of 20 nm, which corresponds 

with a ca. 3-4 increase in specific activity vs. 3 nm platinum nanoparticles.54 Keeping in mind that 

this effect can also be expressed in terms of active site coordination (i.e., by moving from low 



coordination active sites in 3 nm nanoparticles to increased coordination number in larger nano-

particles), it is likely that it does not reach the same extent in porous, highly complex structures, 

where the pseudo-(111) surface is rigged by porosities, but its contribution cannot be excluded 

altogether. In conclusion, the specific activity improvement for the platinum nanoflowers arises 

from a higher density of near-optimally coordinated active sites, coming from the inner porosities 

and the larger crystallite size.  

 

Keeping in mind the final application of the platinum nanoflowers, the catalyst was integrated as 

cathode catalyst layers into membrane electrode assemblies (MEAs) of PEMFCs. Several critical 

findings were established: (i) the COads stripping cleaning method worked to a certain degree in a 

solid electrolyte environment, as evidenced in Fig. 4e-f, Fig. S1 and Fig. S4; (ii) the performance 

of the platinum nanoflowers under an air-atmosphere was lower compared to the Pt/C TKK stand-

ard (Fig. 4g). From the Hupd region, the ECSA for platinum nanoflowers supported on carbon was 

7 m2 g-1 (resulting in a loss of ~40%) compared to 31 m2 g-1 (resulting in a loss of ~66%) for TKK 

Pt/C. The specific surface losses were expected to be higher for the nanoflowers, due to their po-

rous structure. Hence, we assume that the observed phenomena indicates that part of the ECSA 

was already non-accessible in the nanoflowers in liquid electrolyte (e.g., within the intricate pore 

structure), which led to a lower decrease when moving toward an MEA. The open circuit voltage 

(OCV) was similar between the platinum nanoflowers and Pt/C cathodes, however, within the 

ohmic region the PEMFCs with nanoflowers showed elevated high-frequency-resistance (HFR) 

which was close to double that of Pt/C (see Fig. 4h). This HFR increase might be induced by the 

poisoning of the catalytic layer with the organics removed through the CO cleaning procedure, 



combined with sub-optimal ionomer content in the catalyst layer, and/or internal contact re-

sistances. Correcting the signal from the HFR did not fully close the gap in performances between 

the Pt/C TKK standard and the platinum nanoflowers (see Fig. 4g), thus indicating that mass 

transport and kinetic limitations also contribute to this depreciated activity in a solid electrolyte 

environment. These issues might arise from the losses in ECSA from the liquid to solid environ-

ment, indicative of a decreased accessibility to the porous network of the nanoflowers, which are 

theoretically hosting the closest-to-optimal coordination number actives sites (within the concav-

ities of the pores), by the ionomer and the O2. This effect is of smaller impact onto the commercial 

electrocatalyst, owing to the somewhat identical active nature of all active sites on the 2-3 nm 

nanoparticles and, thus, the fact that no specific type (e.g., highly coordinated) was lost during the 

liquid-to-solid transition. Finally, the durability of those nanostructures was investigated in PEM-

FCs, following a load cycle (0.6 – 0.95 V, 30,000 cycles) protocol, and 44% current losses at 0.6 

V were observed for the nanoflowers, vs. 65% for the commercial Pt/C (see Fig. S5). However, 

this higher stability comes at the cost of the complete disappearance of the inner porous network 

observed on the fresh samples, thus removing any beneficial effect induced by the local coordina-

tion variations (see Fig. S6), that ultimately transform in ca. 40 nm non-porous platinum nanopar-

ticles.  

 

4. Conclusions 

In summary, we successfully synthesized platinum nanoflowers with intrinsic activity mainly 

driven by active sites with near-ideal coordination, as they exhibited little microstrain, along with 

the absence of (i) alloying elements and (ii) extended facets. As such, these nanostructures present 

an interesting counterpart to the ‘surface distortion’ based nanostructures, evidencing that similar 



intrinsic activity can be achieved through the use of different kinds of structural defects. The im-

plementation of those nanostructures in PEMFC remains challenging, as they not only (i) suffer 

from an increased HFR resistance, indicative from a dire need to carefully rethink the ink formu-

lation for those larger nanostructures, which dispersion onto the carbon surface is widely different 

from classic, 2-3 nm, platinum nanoparticles, and their cleaning procedure but also (ii) a decreased 

ECSA and higher mass transport resistance, indicative of a decreased accessibility to the inner 

porous network of the nanoflowers, which is believed to host some of the most active catalytic 

sites. We believe that reporting on these lower performances in PEMFC is nonetheless critical, as 

the implementation of such complex structures in PEMFCs remains little discussed and it high-

lights the necessity to consider electrocatalysts’ design within the prism of their final application 

and/or to re-adapt said final application to the new generation of electrocatalysts.7 Previous 

works24,55–60 have investigated the specifics of ink formulation development which can have sig-

nificant impact on the catalyst performance. However, the identified parameters may require sig-

nificant tailoring based on the catalyst size, structure, and composition. A brief summary of some 

of the main factors that can affect how the ionomer (typically Nafion®) or the proton conductor 

interface with the catalytic sites include (i) changing the solvent types and ratios as those parame-

ters strongly impact onto the ionomer aggregation and, thus, integration into the porosities, (ii) 

changing the ionomer structure (e.g., in the main or side chain structures) to facilitate its incorpo-

ration into said pores or (iii) introducing a buffer material (e.g., ionic liquids) to connect the cata-

lyst surface to the ionomer. The latter approach was successfully undertaken by Snyder et al. on 

porous NiPt-based nanoparticules, leading to a 10-fold increase of the specific activity at 0.95 V 

vs. RHE.61 Owing the relatively small pores size, and the resulting size-exclusion of the ionomer, 



the use of an ionic liquid might appear as the most promising solution to use the full potential of 

such complex Pt-based nanostructures.  
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