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The Oxygen Reduction Reaction 
Rate of Metallic Nanoparticles 
during Catalyzed Oxidation
Ke Sun1, Jinbo Xue2, Kaiping Tai3 & Shen J. Dillon1

This work reports the oxygen reduction reaction (ORR) kinetics of metal nanoparticle catalysts between 
500 and 600 °C at low oxygen partial pressures. Ex situ and in situ TEM measurements demonstrate 
catalyzed nanowire growth initially follows linear kinetics; characteristic of being ORR rate limited. 
The ORR rates of Ag, Au, Cu, Ni, Pd, Rh and Pt measured at 600 °C form a volcano plot versus relative 
oxidation potential. Cu nanoparticles produce the maximum ORR rate under these conditions.

Oxygen reduction reaction (ORR) kinetics have generated great interest due to their rate limiting role in fuel cells 
and metal-air batteries1–4. ORR kinetics have primarily been investigated computationally or through electrochem-
ical measurements1–3, 5–8. Many experimental investigations focus on low temperature behavior and have focused 
on noble metal ORR catalysts for H2 oxidation. Pt catalyst is ideal for this application, and great effort has been 
dedicated to understanding the reaction mechanisms in effort to discover low cost alternatives5, 7, 9–13. Pt’s efficacy in 
promoting the ORR derives from an optimization between the activation energies for O2 binding to the catalyst and 
debinding of the reaction product2, 14. This leads to the well know ‘volcano plot’ behavior, where an optimum lies at a 
specific potential. Volcano plots have been calculated for a range of ORR metal catalysts, but experimental measure-
ments have primarily been obtained from noble metals2, 11, 14–17. Aqueous electrochemical measurements at ambient 
pO2 oxidize most non-noble metal nanoparticles leaving a gap in our experimental understanding.

In considering alternative ORR limited systems, such as metal-air batteries, the wealth of knowledge gained 
from fuel cell research provides a basis for catalyst selection. However, in such systems catalysts such as Cu that 
function poorly in fuel cells have been shown to perform quite well18. Pd similarly outperforms Pt in non-aqueous 
cells15. The ORR in metal-air batteries forms metal oxide, peroxide, or carbonate, which have large formation 
energies3, 19, 20. The impact of having a solid oxide reaction product on the optimization of catalyst chemistry has 
received limited experimental attention.

A novel experimental approach utilized here exploits direct measurement of solid phase reaction product vol-
ume to provide accurate ORR rates. We previously demonstrated ORR catalysts utilized to locally accelerate the 
oxidation rate of an underlying metallic substrate can promote nanowire growth forming a variety of metal oxide 
nanowires21. In this work, the ORR kinetics of different pure metal nanoparticle catalysts are investigated using 
iron oxidation as a model system. Iron is ideal since it can effectively reduce a number of other transition metal 
oxides, and Fe3O4 has a similar formation energy, per mole of O2, as water.

Ag, Au, Cu, Ni, Pd, Rh and Pt catalysts deposited on a 200 nm MgO coated Fe substrate promoted nanowire 
growth at 600 °C and 100 ppm O2. Ti and Cr did not promote nanowire growth (Fig. 1) under the same condi-
tions. Ti and Cr are not anticipated to function as an effective ORR catalyst for Fe3O4 nanowire growth, because 
they have a higher O2 affinity than Fe. We confirmed via TEM imaging and STEM EDS that each nanowire indeed 
terminates with a metal nanoparticle (Fig. S1), found that nanowires in each case are composed of Fe3O4, and 
observed that all long NWs analyzed grow in the [110] direction (Fig. 1).

Pd and Cu were investigated in detail, ex situ, in order to characterize the kinetic regimes as a function of time 
and temperature. Linear kinetics occur at shorter times, and growth transitions to parabolic kinetics at longer 
times (Fig. 2a and b). Linear kinetics indicate interface limited reactions, while parabolic results from diffusion 
kinetics22. The temperature dependencies of the linear and parabolic regimes are consistent with this interpre-
tation; the activation energies (1.0 kJ/mol) for the parabolic regime are the same regardless of chemistry, but the 
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activation energies for the linear regime are not (0.9 eV and 1.3 eV for Pd and Cu, respectively, see Supplementary 
Fig. S2).

To confirm the linear nature of the growth kinetics, for short wires, at the single nanowire level we performed 
in situ catalyzed oxidation experiments in the TEM. In situ TEM based growths were performed at a nominal 
average temperature of 500 °C using Pd catalyst. Figure 3 shows time-lapse images and growth kinetics associated 
with Fe3O4 nanowire growth catalyzed by Pd nanoparticles at ≈500 °C. The local kinetics and growth direction 
can be are sensitive to catalyst nanoparticle faceting and dihedral angles (Supplementary Fig. S3). Such effects 
are also present in electrochemical measurements, but are typically averaged together to provide a single rate. 
Regardless, the kinetics of individual nanowires are linear during initial nanowire growth (<≈2 μm), supporting 
our conclusion that kinetics are interface reaction rate limited (i.e. ORR) in this regime. The average growth rates 
measured in situ at 500 °C (≈5 nm min−1) are comparable to those measured at 500 °C ex situ (≈4 nm min−1), but 
this may be fortuitous due the limited control of local pO2 in the in situ experiment.

The ORR kinetics were compared across various nanoparticle chemistries by measuring the ex situ growth 
rate of the nanowires in the linear oxidation regime at 600 °C. The catalyst particle shapes and sizes are dictated 
by the dewetting thermodynamics and kinetics and on average differ for each catalyst chemistry. The radius 

Figure 1. SEM images of samples where Ti, Cr, Ni, Rh, Cu, Pd, Ag, and Au were used as catalysts for nanowire 
growth at 600 °C and 100 ppm O2. Ti and Cr catalyst did not produce nanowires. The image in the lower right 
shows a TEM image of a nanowire along with electron diffraction inset.
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ratios of the catalysts and nanowires differed between chemistries, so a normalization factor based on this ratio 
was applied to provide a ORR per unit catalyst surface area. Figure 4 plots the growth rate versus the standard 
oxygen binding energy of the catalysts. The data exhibits the typical ‘volcano plot’ shape with a maximum ORR 
rate observed between Cu and Rh. The ORR kinetics on Pt are considerably slower and suggest that Pt is not the 
optimal material in this case. The original computational work by Norskov et al. does not predict a significant 
temperature dependence to the shape of the volcano plot, since differences in temperature dependence would 
only appear in the pre-factor, based on their analysis2. However, the experimental activation energies do differ 
with catalyst chemistry, suggesting this could partially account for the enhanced relative Cu ORR kinetics at 
500 °C. At 100 ppm, the oxygen binding energy for the reaction ½ O2 + 2e− = >O2− is shifted 0.34 eV relative to its 
standard value. The formation energy of Fe3O4 is 0.2 eV more exothermic than H2O. Both of these factors enhance 
the driving force for oxygen debinding from the catalyst. The standard binding energies of oxygen on Pt and Cu 
differ by 0.37 eV. The large entropic driving force for oxygen debinding at low partial pressure as well as the larger 
formation energy of Fe3O4, relative to H2O, will both enhance oxygen debinding kinetics shifting the peak in 
the volcano plot towards metals with higher oxygen affinity. These factors explain the experimentally observed 
maximum ORR kinetics of Cu and suggest the optimal pure metal catalyst under our experimental conditions 
should lie on the volcano plot between Cu and Rh (e.g. predicted to be Ir; ΔEo = 1.0 eV). This work demonstrates 
why Pt will not be the ideal ORR catalyst in all applications, especially in reactions forming solid phases, those 
performed at low oxygen partial pressures, or those with more exothermic formation enthalpies. This is consistent 
with experimental results showing Cu and Pd ORR catalysts can outperform platinum in metal-air batteries15.

Methods
Fe pellets (99.95%, Kurt J. Lesker) were polished and cleaned in acetone. Prior work on catalyzed oxidation for 
nanowire growth indicated that the presence of an oxide layer separating the catalyst was critical in enabling the 
nanowire growth, since it prevented co-oxidation of the metal and the catalyst particle. A 200 nm MgO layer was 
e-beam evaporated onto the polished Fe surface. MgO was selected due to its relatively high cation diffusivity and 
the high miscibility of Fe2+/3+ in MgO. Ag, Au, Cr, Cu, Ni, Pd, Pt Rh, and Ti were all deposited on the substrate to 
an average thickness of ≈3 nm, as measured by a quartz crystal microbalance, via physical vapor deposition. For 

Figure 2. Growth kinetics of (a) Cu catalyzed and (b) Pd catalyzed nanowire growth at different temperatures.
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Rh catalyst, 1 mg of Rhodium(III) acetylacetonate (Sigma Aldrich) was first dissolved in 10 ml of acetone, and then 
solution was deposited onto the MgO coated Fe substrate. The amount of solution utilized was intended to produce 
a similar amount of reduced Rh catalyst as the vapor deposited materials. Samples were annealed in a tube furnace 
under flowing 100 ppm O2 at temperatures between 500 and 600 °C for times between 0 and 2500 mins.

Figure 3. Time-lapse in situ TEM images of nanowire growth at ca. 500 °C. The growth kinetics of several single 
nanowires are plotted in the lower right.

Figure 4. The growth rate of nanowires under different metal nanoparticle catalysts plotted as monolayers 
of O2− in Fe3O4 per second versus the standard oxygen binding energy on the catalyst. Here a monolayer is 
assumed to be 15.47 atoms nm−2 with a O2− planar spacing of 3.93 nm−1.



www.nature.com/scientificreports/

5SCIENTIFIC REPORTS | 7: 7017 | DOI:10.1038/s41598-017-07717-4

In situ TEM (Hitachi 9500) was also performed using a calibrated W heating wire and the injection of O2 and 
N2 at a 1 to 10 ratio with an overall flow rate of 0.33 mL min−1 and a gas pressure of ≈2 × 10−2 Pa. Fe metal was 
electrodeposited onto the W wires from a solution of Fe(NH4)2(SO4)2 that were pre-oxidized at 250 °C for 30 min 
under ambient conditions, and then coated with PVD Pd nanoparticles.

References
 1. Gasteiger, H. A., Kocha, S. S., Sompalli, B. & Wagner, F. T. Activity benchmarks and requirements for Pt, Pt-alloy, and non-Pt oxygen 

reduction catalysts for PEMFCs. Appl. Catal., B 56, 9–35, doi:10.1016/j.apcatb.2004.06.021 (2005).
 2. Norskov, J. K. et al. Origin of the overpotential for oxygen reduction at a fuel-cell cathode. Journal of Physical Chemistry B 108, 

17886–17892, doi:10.1021/jp047349j (2004).
 3. Cheng, F. & Chen, J. Metal-air batteries: from oxygen reduction electrochemistry to cathode catalysts. Chem. Soc. Rev. 41, 

2172–2192, doi:10.1039/c1cs15228a (2012).
 4. Lu, Y.-C. et al. Lithium-oxygen batteries: bridging mechanistic understanding and battery performance. Energy Environ. Sci. 6, 

750–768, doi:10.1039/c3ee23966g (2013).
 5. Gong, K., Du, F., Xia, Z., Durstock, M. & Dai, L. Nitrogen-Doped Carbon Nanotube Arrays with High Electrocatalytic Activity for 

Oxygen Reduction. Science (Washington, DC, US) 323, 760–764, doi:10.1126/science.1168049 (2009).
 6. Wang, C., Daimon, H., Onodera, T., Koda, T. & Sun, S. A general approach to the size- and shape-controlled synthesis of platinum 

nanoparticles and their catalytic reduction of oxygen. Angew. Chem., Int. Ed. 47, 3588–3591, doi:10.1002/anie.200800073 (2008).
 7. Wu, G. & Zelenay, P. Nanostructured nonprecious metal catalysts for oxygen reduction reaction. Acc. Chem. Res. 46, 1878–1889, 

doi:10.1021/ar400011z (2013).
 8. Zhang, J., Vukmirovic, M. B., Xu, Y., Mavrikakis, M. & Adzic, R. R. Controlling the catalytic activity of platinum-monolayer 

electrocatalysts for oxygen reduction with different substrates. Angew. Chem., Int. Ed. 44, 2132–2135, doi:10.1002/anie.200462335 
(2005).

 9. Koh, S. & Strasser, P. Electrocatalysis on Bimetallic Surfaces: Modifying Catalytic Reactivity for Oxygen Reduction by Voltammetric 
Surface Dealloying. J. Am. Chem. Soc. 129, 12624–12625, doi:10.1021/ja0742784 (2007).

 10. Liang, Y. et al. Co3O4 nanocrystals on graphene as a synergistic catalyst for oxygen reduction reaction. Nat. Mater. 10, 780–786, 
doi:10.1038/nmat3087 (2011).

 11. Tang, W., Zhang, L. & Henkelman, G. Catalytic Activity of Pd/Cu Random Alloy Nanoparticles for Oxygen Reduction. J. Phys. 
Chem. Lett. 2, 1328–1331, doi:10.1021/jz2004717 (2011).

 12. Wang, B. Recent development of non-platinum catalysts for oxygen reduction reaction. J. Power Sources 152, 1–15, doi:10.1016/j.
jpowsour.2005.05.098 (2005).

 13. Wu, G., More, K. L., Johnston, C. M. & Zelenay, P. High-performance electrocatalysts for oxygen reduction derived from polyaniline, 
iron, and cobalt. Science (Washington, DC, US) 332, 443–447, doi:10.1126/science.1200832 (2011).

 14. Greeley, J. et al. Alloys of platinum and early transition metals as oxygen reduction electrocatalysts. Nat. Chem. 1, 552–556, 
doi:10.1038/nchem.367 (2009).

 15. Lu, Y.-C., Gasteiger, H. A. & Shao-Horn, Y. Catalytic Activity Trends of Oxygen Reduction Reaction for Nonaqueous Li-Air 
Batteries. J. Am. Chem. Soc. 133, 19048–19051, doi:10.1021/ja208608s (2011).

 16. Stephens, I. E. L., Bondarenko, A. S., Bech, L. & Chorkendorff, I. Oxygen Electroreduction Activity and X-Ray Photoelectron 
Spectroscopy of Platinum and Early Transition Metal Alloys. ChemCatChem 4, 341–349, doi:10.1002/cctc.201100343 (2012).

 17. Bandarenka, A. S., Hansen, H. A., Rossmeisl, J. & Stephens, I. E. L. Elucidating the activity of stepped Pt single crystals for oxygen 
reduction. Physical Chemistry Chemical Physics 16, 13625–13629, doi:10.1039/C4CP00260A (2014).

 18. Wang, Y. & Zhou, H. A lithium-air fuel cell using copper to catalyze oxygen-reduction based on copper-corrosion mechanism. Chem 
Commun (Camb) 46, 6305–6307 (2010).

 19. Girishkumar, G., McCloskey, B., Luntz, A. C., Swanson, S. & Wilcke, W. Lithium-Air Battery: Promise and Challenges. J. Phys. Chem. 
Lett. 1, 2193–2203, doi:10.1021/jz1005384 (2010).

 20. Lee, J.-S. et al. Metal-air batteries with high energy density: Li-air versus Zn-air. Adv. Energy Mater. 1, 34–50, doi:10.1002/
aenm.201000010 (2011).

 21. Kaiping, T., Ke, S., Bo, H. & Shen, J. D. Catalyzed oxidation for nanowire growth. Nanotechnology 25, 145603 (2014).
 22. Cabrera, N. & Mott, N. F. Theory of the oxidation of metals. Reports on Progress in Physics 12, 163–184 (1948).

Acknowledgements
This work was supported by the National Science Foundation under Grant No. 1254406 and was carried out in the 
Frederick Seitz Materials Research Laboratory Central Research Facilities, University of Illinois.

Author Contributions
K.S. performed ex situ measurements, J.X. performed in situ measurements. K.T. and S.J.D. helped develop the 
methods and analyze the data.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-07717-4
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1016/j.apcatb.2004.06.021
http://dx.doi.org/10.1021/jp047349j
http://dx.doi.org/10.1039/c1cs15228a
http://dx.doi.org/10.1039/c3ee23966g
http://dx.doi.org/10.1126/science.1168049
http://dx.doi.org/10.1002/anie.200800073
http://dx.doi.org/10.1021/ar400011z
http://dx.doi.org/10.1002/anie.200462335
http://dx.doi.org/10.1021/ja0742784
http://dx.doi.org/10.1038/nmat3087
http://dx.doi.org/10.1021/jz2004717
http://dx.doi.org/10.1016/j.jpowsour.2005.05.098
http://dx.doi.org/10.1016/j.jpowsour.2005.05.098
http://dx.doi.org/10.1126/science.1200832
http://dx.doi.org/10.1038/nchem.367
http://dx.doi.org/10.1021/ja208608s
http://dx.doi.org/10.1002/cctc.201100343
http://dx.doi.org/10.1039/C4CP00260A
http://dx.doi.org/10.1021/jz1005384
http://dx.doi.org/10.1002/aenm.201000010
http://dx.doi.org/10.1002/aenm.201000010
http://dx.doi.org/10.1038/s41598-017-07717-4
http://creativecommons.org/licenses/by/4.0/

	The Oxygen Reduction Reaction Rate of Metallic Nanoparticles during Catalyzed Oxidation
	Methods
	Acknowledgements
	Figure 1 SEM images of samples where Ti, Cr, Ni, Rh, Cu, Pd, Ag, and Au were used as catalysts for nanowire growth at 600 °C and 100 ppm O2.
	Figure 2 Growth kinetics of (a) Cu catalyzed and (b) Pd catalyzed nanowire growth at different temperatures.
	Figure 3 Time-lapse in situ TEM images of nanowire growth at ca.
	Figure 4 The growth rate of nanowires under different metal nanoparticle catalysts plotted as monolayers of O2− in Fe3O4 per second versus the standard oxygen binding energy on the catalyst.




