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Abstract 
 

            In this manuscript, we design non-precious metal electrocatalysts for the O2 reduction 

reaction (ORR) based on Cu complexes of the tripeptide glutathione modified with ferrocene 

(Cu-GSH-NHFc). Homogenous catalysis experiments demonstrate that the covalently bound Cu-

GSH-NHFc catalyst exhibits enhanced activity as compared to mixtures of the individual catalyst 

components.  Heterogeneous catalysis results on rotating disk electrodes (RDE) and rotating 

ring-disk electrodes (RRDE) show that Cu-GSH-NHFc catalyzes the ORR via a four-electron 

pathway at pH 4-7, while the same catalyst without ferrocene produces significant quantities of 

H2O2. Cyclic voltammetry reveals electronic coupling between the appended ferrocene moieties 

and the Cu active site. From these studies, we propose an ORR reaction pathway in which fast 

electron transfer facilitated by ferrocene explains the high selectivity of the Cu-GSH-NHFc 

catalyst. We envision that this understanding will lead to future developments in the design of 

non-precious metal ORR catalysts, which are instrumental to fuel cell technologies. 

 

Keywords: Oxygen reduction reaction, non-precious metal catalysts, copper complexes, 

glutathione, electrocatalysis. 
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Introduction 
 

Energy conversion technologies mediated by electrocatalysis are pivotal in transitioning 

to a clean and renewable energy economy.
1–7

 Fuel cells are a promising technology that could 

play a critical role in this transition. Although the fuels utilized at the anode vary, the O2 

reduction reaction (ORR) occurs at the cathode in almost every fuel cell design. Through the 

ORR, a molecule of O2 reacts with four protons and four electrons to yield two molecules of 

water. The performance of fuel cells is largely limited by the high overpotential needed to drive 

the ORR.
8
 

Over the last forty years, a wide range of ORR electrocatalysts have been developed in an 

attempt to decrease the overpotential of this reaction. Pt-based materials and laccase enzymes are 

the catalysts that exhibit the lowest overpotentials.
9-12

 However, the high cost and scarcity of Pt 

and the low current densities of laccases hinder their widespread use as ORR catalysts.
13-18

 For 

these reasons, the development of stable, active, and earth-abundant ORR catalysts is an ongoing 

grand challenge.  

Non-precious metal ORR catalysts, particularly those comprised of Fe or Cu complexes 

with nitrogen-rich ligands, are actively being studied as practical alternatives to Pt and 

laccases.
19

 For example, Fe complexes with porphyrins or other nitrogen-containing macrocycles 

have been explored for decades as promising catalysts.
20

 More recently, Cu catalysts have been 

investigated for the ORR. One promising class of Cu catalysts are those based on dinuclear Cu 

complexes with triazoles, which possess a similar overpotential to Pt, but suffer from poor 

durability.
21

 Additionally, Cui et. al prepared single atom Cu catalysts by pyrolyzing Cu 

phthalocyanine. In alkaline media, these materials catalyze the ORR at an overpotential that is 30 
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mV lower than a commercial Pt/C catalyst.
22

 Recently, Lu et. al demonstrated that electron 

density on the d orbitals of Cu weakens the O-O bonds, which results in the high ORR activity of 

Cu complexes.
23

 

We were inspired to use Cu complexes of glutathione to develop a new class of non-

precious metal ORR catalysts. Glutathione is a tripeptide and nitrogen-rich ligand that is known 

to bind Cu ions in a wide variety of coordination environments.
24,25

 Additionally, the ability of 

glutathione to be oxidized and reduced via the thiol/disulfide couple increases the chemical 

diversity of these complexes through, for example, the formation of dimers. Previous work has 

also shown that glutathione can be modified with a range of pendant species such as quantum 

dots and ferrocene for use in a multitude of applications.
26-28

 

 In this manuscript, we evaluate the ORR activity of Cu complexes of glutathione and 

glutathione covalently bound to a pendant ferrocene moiety. By increasing the electron transfer 

rate to the Cu active site, the complex with bound ferrocene catalyzes the ORR via four electrons 

to water. From these experiments, we propose a reaction pathway for ORR by these complexes 

that invokes the differential rates of electron and proton transfer to explain differences in the 

reactivities of the Cu complexes with and without bound ferrocene. 

 

Experimental Methods 
 

General Procedures. The synthesis of GSH-Fc is described in the “Synthesis of GSH-NHFc” 

section. All other chemicals were obtained from commercially available sources and used 

directly in experiments without further purification. A VSP-300 Biological potentiostat was used 

for all electrochemical studies. All electrochemical studies were performed in a three-electrode 

system in which modified glassy carbon, a graphite rod, and Ag/AgCl/3 M KCl (eDaq, Inc.) 

were the working, counter, and reference electrodes, respectively. Prior to use, glassy carbon 
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working electrodes were polished using a suspension of 0.05 m alumina followed by sonication 

for 10 minutes in water.  

Homogeneous Catalysis. The solution for homogeneous catalysis was prepared using 1 mM 

CuSO4, 1 mM GSH-Fc, and 100 mM tetrabutylammonium perchlorate (TBAClO4) in 70% 

MeOH and 30% water. This solution (5 mL) was used in each electrochemical cell and sparged 

with O2 or N2 for 7 minutes prior to running voltammetry. 

Heterogeneous Catalysis. GSH-Fc (5.0 mg), CuSO4 (3.0 mg), carbon (5.0 mg, Vulcan XC-72), 

MeOH (5.0 mL), and Nafion solution (25 L, 5 wt.%, D520, Fuel Cell Store, Inc.) were added to 

a vial. The resulting mixture was sonicated for 10 minutes to yield a homogeneous suspension. 

About 80 L of the suspension was drop-cast on a glassy carbon electrode (5 mm in diameter) 

and dried under ambient conditions using a custom-built upright rotator at a rotation speed of 8 

rpm. This modified electrode was then used as the working electrode for rotating disk electrode 

and rotating ring-disk electrode experiments using an electrode rotator (MSRX, Pine Research, 

Inc.). Unless noted otherwise, Britton-Robinson buffers (40 mM H3BO3, 40 mM H3PO4, 40 mM 

CH3COOH) were used and adjusted to the desired pH using NaOH. Voltammetry was performed 

with 45 mL of buffer solution sparged with O2 for at least 7 minutes.  

UV-Visible Spectroscopy. Solutions with a total concentration of 5 mM in DMSO contained 

CuSO4 and GSH-Fc, GSH, or GSSG in DMSO. The molar ratio between the two components 

was varied for each trial, and the absorbances versus a DMSO solvent blank were recorded using 

quartz cuvettes with a path length of 0.1 cm and a Shimadzu UV-2550 spectrometer.  

ICP-MS studies. GSHNHFC was dissolved in EtOAc (3 mM), and an aqueous CuSO4 solution 

(6 mM) with the same volume was added to the GSHNHFc solution. Cu-GSHNHFc formed in 

the organic layer, which was separated from the aqueous layer and subsequently dried with 
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anhydrous Na2SO4. The solvent was then removed under vacuum, and ICP-MS analysis was 

conducted to quantify the Cu and Fe in the complex. 

Synthesis of GSH-NHFc. The synthesis of GSH-NHFc was accomplished in four steps starting 

from GSSG. Boc-GSH was first synthesized in two steps from GSSG following established 

methods from the literature except the equivalents of di-t-butyl dicarbonate were increased by 

three times.
29

 Next, to synthesize Boc-GSH-NHFc, Boc-GSH (0.10 g, 0.25 mmol) was dissolved 

in DMSO (20 mL) and Et3N (0.12 mL, 3.0 mmol), HBTU (0.532 g, 1.32 mmol), and 

aminoferrocene (0.055 g, 0.274 mmol) were added. This mixture was continuously stirred for 18 

hours at room temperature. The mixture was then diluted with EtOAc (200 mL) and washed with 

water (200 mL) followed by brine (3x 200 mL). The organic layer was dried over anhydrous 

Na2SO4, filtered, and removed under vacuum. The crude product was purified by flash 

chromatography on silica (ethyl acetate: hexane = 2:1, Rf = 0.5) to yield Boc-GSH-Fc (32 mg, 

22% yield) with a 
1
H NMR spectrum similar to literature.

26
 Finally, we deprotected the amino 

group from Boc-GSH-Fc to yield GSH-NHFc according to a literature method.
26

 
1
H NMR 

(DMSO-d6)  5.07 (s, 2H, H-3’, H-4’, Fc), 5.02 (s, 5H, unsubstituted Fc), 4.99 (s, 2H, H-2’, H-

5’, Fc), 4.95 (t, 1H, CysCH), 4.20 (s, 2H, GlyCH2), 3.51 (t, 1H, GluCH), 3.24 (d, 2H, CysCH2), 

2.17 (m, 4H). 

 

Results and Discussion 

Voltammetric Studies 

 We first synthesized a conjugate of glutathione and ferrocene (GSH-NHFc, Figure 1) in 

four steps following procedures modified from the literature.
26,29

 We then used cyclic 

voltammetry (CV) to evaluate the redox properties of glutathione (GSH), GSH-NHFc, and their 

Cu complexes. A CV of GSH-NHFc dissolved in a solution containing MeOH, water, and a 
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TBAClO4 supporting electrolyte exhibits one redox coupling with a midpoint potential (E1/2) of 

about 0.33 V vs. Ag/AgCl (Figure 2, black line). This couple is due to the Fe
3+

/Fe
2+

 redox and 

not the glutathione moiety because a control experiment with GSH shows no redox activity 

(Figure S1, black line).  

 
Figure 1: Structures of ligands used in this study. 

 

 The red line in Figure 2 shows a CV with 1 equivalent of CuSO4 added to the GSH-

NHFc solution. Compared to the CV of the solution without CuSO4 (black line), the magnitude 

of the current density increases. In fact, the integrated charge under the redox waves 

approximately doubles (7.0 C without Cu and 15.5 C with Cu for the anodic peaks). This 

finding suggests that the redox wave with Cu is due to two electrons being transferred through 

the Cu
2+

/Cu
+
 and Fe

3+
/Fe

2+
 processes. A control experiment with CuSO4 without GSH-NHFc 

only shows a redox couple with a very small amount of current density (Figure S1, red line). The 

differences between the CuSO4 CVs with and without GSH-NHFc suggest that CuSO4 forms a 

Cu complex with GSH-NHFc, which we denote as Cu-GSH-NHFc. The formation of a Cu 

complex is also confirmed by UV-visible spectroscopy experiments (vide infra). 
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Figure 2: Cyclic voltammograms of a glassy carbon electrode at a 500 mV s

-1
 in solutions 

containing 100 M GSH-NHFc (A, black line), 100 M Cu-GSH-NHFc (A, red line), 100 M 

ferrocene (B, black line), 100 M ferrocene and 100 M GSH (B, red line), 100 M ferrocene 

and 100 M CuSO4 (B, blue line), and 100 M ferrocene, 100 M CuSO4, and 100 M GSH (B, 

green line). All solutions also contained 70% MeOH and 30% aqueous 100 mM TBAClO4. 

 

 To analyze the effect of having a glutathione moiety covalently bound to ferrocene, we 

studied CVs of free ferrocene and GSH. A CV of free ferrocene by itself contains one reversible 

redox couple with an E1/2 value of 0.430 ± 0.01 V (Figure 2B, black line), which matches 

literature values.
26

 Adding glutathione to the ferrocene solution does not significantly alter the 

ferrocene CV (Figure 2B, red line). This result indicates that the covalent nature of the GSH-

NHFc system causes it to exhibit significantly different electrochemical behavior as compared to 

a solution containing free ferrocene and free GSH. In particular, the E1/2 value of free ferrocene 

is 0.06 V more positive than that of GSH-NHFc (0.370 ± 0.10 V). This positive shift in redox 

potential is due to the electron donating nature of the amide linkage of GSH-NHFc.
30

 

 CVs of free ferrocene and CuSO4 with and without GSH (Figure 2B, blue and green 

lines) also display the Fe
2+

/Fe
3+

 redox couple at 0.43 V. In addition, these CVs contain a weak 

Cu
+
/Cu

2+
 couple with an E1/2 value of about 0.1 V that is similar to those observed in CVs of 

A) B) 
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CuSO4 by itself and CuSO4 with only GSH (Figure S1, red and blue lines). The similarity of the 

Cu
+
/Cu

2+
 couples with and without free ferrocene indicates that the Fe

2+
/Fe

3+
 couple in ferrocene 

and the Cu
+
/Cu

2+
 couple are largely independent from one another unlike in Cu-GSH-NHFc. 

These results imply that the covalent nature of Cu-GSH-NHFc allows for electronic interactions 

between the Fe
2+

/Fe
3+

 and Cu
+
/Cu

2+
 redox couples. Electronic interactions between these two 

metal centers have previously been identified in other ORR catalysts with covalently-linked Fe 

and Cu sites.
31,32

 

Figure 3: Anodic Randles-Ševčík plots of 100 M GSH-NHFc (A) and 100 M Cu-GSH-NHFc 

(B) in 70% MeOH and 30% aqueous 100 mM TBAClO4. 

 

 Further evidence of electronic coupling between the two redox couples in Cu-GSH-NHFc 

can be gleaned from Randles-Ševčík analysis. Figure S2 shows Randles-Ševčík plots for the 

anodic and cathodic peak current densities of CVs of free ferrocene as a function of scan rate. As 

expected, a better linear fit is obtained when the data are plotted versus the square root of the 

scan rate as opposed to the scan rate. As observed previously,
33

 this result indicates that free 

ferrocene diffuses to and from the electrode surface during the CVs and is not bound to the 

A) B) 
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electrode. Analogous experiments with GSH-NHFc show the same trend (Figures 3A and S3A), 

which also indicate that the GSH-NHFc molecule undergoes diffusion during its redox. 

 Interestingly, a different trend is observed in the Randles-Ševčík analysis of Cu-GSH-

NHFc (Figures 3B and S3B). At slow scan rates (≤ 250 mV s
-1

), a better linear fit is obtained 

when the data are plotted versus the square root of the scan rate as is observed for free ferrocene 

and GSH-NHFc. However, at fast scan rates (≥ 250 mV s
-1

), the data is linear with respect to the 

scan rate. We hypothesize that at faster scan rates intramolecular electron transfer within Cu-

GSH-NHFc results in a quasi-reversible redox, which is perhaps mediated by electrode 

absorption, resulting in the observed nonlinearity with respect to the square root of the scan rate. 

Regardless, these findings demonstrate that the electrochemistry of Cu-GSH-NHFc is more 

complex than that of free ferrocene or GSH-NHFc and that this complexity arises from the 

covalent linkage of the two redox couples. 

Homogeneous Oxygen Reduction Catalysis 

 Having established the differences in electrochemistry between Cu-GSH-NHFc and its 

individual components, we next evaluated the ability of Cu-GSH-NHFc to electrocatalyze the 

ORR. A CV of an O2-sparged solution containing Cu-GSH-NHFc exhibits enhanced cathodic 

current density compared to a control experiment with a N2-sparged solution (Figure 4A). These 

results indicate that Cu-GSH-NHFc is a competent ORR electrocatalyst. Furthermore, the onset 

potential for O2 reduction, defined here as the potential of the negative-going scan at which the 

current density reaches 10% of its maximum value, is -0.29 V vs. Ag/AgCl. This onset potential 

is comparable to those observed with previously reported Cu-based molecular ORR catalysts.
34,35

  

A CV under the same conditions with GSH-NHFc yields a lower quantity of cathodic current 

and a more negative onset potential as compared to the CV of Cu-GSH-NHFc (Figure 4B, blue 
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line). This finding demonstrates that the presence of Cu aids in the ORR electrocatalysis. 

Moreover, a CV of a mixture of the three individual free components of Cu-GSH-NHFc (e.g. 

ferrocene, CuSO4, and GSH) also exhibits less cathodic current and a more negative onset 

potential (Figure 4B, red line). This result demonstrates that these three components must be 

covalently linked to achieve superior ORR activity. Lastly, CVs of any one or two individual 

components also result in significantly less cathodic current compared to Cu-GSH-NHFc (Figure 

S4), which further reveal the superior electrocatalytic properties of Cu-GSH-NHFc. 

 

Figure 4: Cyclic voltammograms of electrocatalytic O2 reduction on a glassy carbon electrode at 

a scan rate of 10 mV s
-1

 in solutions containing 100 M Cu-GSH-NHFc (A, black line and B, 

black line), 100 M ferrocene, 100 M CuSO4, and 100 M GSH (B, red line), and 100 M 

GSH-NHFc (B, blue line). The red line in panel A displays a control experiment in which the 

Cu-GSH-NHFc solution was sparged with N2 instead of O2. All solutions also contained 70% 

MeOH and 30% aqueous 100 mM TBAClO4. 

 

  

A) B) 
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Heterogeneous Oxygen Reduction Catalysis and Rotating Disk Experiments 

 We next heterogenized the Cu-GSH-NHFc catalyst on a glassy carbon electrode so that 

its ORR activity could be evaluated in a completely aqueous electrolyte. Figure 5A shows LSVs 

in O2-sparged pH 5.5 buffer of a glassy carbon rotating disk electrode modified with Cu-GSH-

NHFc on Vulcan-XC 72 carbon with a Nafion binder. As expected, the ORR current density 

increases with increasing rotation speed due to enhanced mass transfer at higher rotation speeds.  

Through Koutecký-Levich analysis, we calculated the average number of electrons 

consumed per O2 during catalysis by Cu-GSH-NHFc as a function of pH (Figure 5B, black 

points and Figure S5). Alternatively, the number of electrons transferred can be converted to 

Faradaic efficency values for H2O production (Figure S6). Within experimental error, Cu-GSH-

NHFc reduces O2 through a four electron pathway at pH values of 4.0, 5.5, and 7.0, which for 

most applications, such as fuel cells, is desirable. In contrast, at pH values of 2.5, 8.5, and 10.0, 

Cu-GSH-NHFc catalyzes the ORR with an average of less than four electrons per O2. These 

results indicate that at pH values outside the 4-7 range, Cu-GSH-NHFc generates a significant 

fraction of H2O2 during the ORR. Because these two pH regimes correspond well with the pKa 

values of glutathione, we hypothesize that protonation and deportonation events of glutathione 

outside of the pH 4-7 range cause the Cu coordination environment in Cu-GSH-NHFc to change 

in a manner that is less amenable to the four electron reduction pathway. Assuming similar pKa 

values for unmodified GSH as compared to GSH-NHFc, the relevant pKa values are 2.12 for the 

carboxylic acid, 8.66 for the primary amine, and 9.62 for the thiol.
36

 Therefore, at pH values 

from 4-7, GSH-NHFc will be zwitterionic. In contrast, a large fraction of GSH-NHFc molecules 

will be cationic or anionic at pH values of 2.5 or 8.5 and 10.0, respectively. As is observed here, 
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protonation events of other ORR catalysts comprised of Cu complexes of nitrogen-containing 

ligands dramatically affect ORR activity.
37,38

 

 We also compared the number of electrons transferred during ORR by Cu-GSH-NHFc to 

Cu-GSH (Figure 4B, red points and Figure S7), the latter of which does not contain the appended 

ferrocene moiety. At all pH values tested, Cu-GSH catalyzes the ORR with an average of less 

than four electrons per O2. This finding indicates that the covalently attached ferrocene moeity in 

Cu-GSH-NHFc is instrumental in enabling the catalyst to reduce O2 by four electrons and avoid 

the production of H2O2. All of the conclusions obtained from the rotating disk electrode 

experiments were also confirmed with rotating ring-disk experiments, which were also used to 

calculated the average number of electrons transferred per O2 consumed. The trends in the 

calculated number of electrons transferred using rotating ring-disk experiments were similar to 

those calculating using rotating disk experiments (Figures S8-S10). In addition to the rotating 

disk and rotating ring-disk experiments, we also confirmed the production of H2O2 using dye-

based spectroelectrochemistry (Figure S11). 

 
Figure 5: Electrocatalytyic O2 reduction by Cu-GSH-NHFc at pH 5.5 on a rotating disk 

electrode at 10 mV s
-1

 at different rotation speeds (A). Number of electrons transferred per O2 

A) B) 
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consumed using Cu-GSH-NHFc (black points) and Cu-GSH (red points) catalysts as determined 

by Koutecký-Levich analysis from rotating disk electrochemistry (B). 

 

Reaction Pathway of Oxygen Reduction by Cu-GSH-NHFc and Cu-GSH 

 

 We now discuss a possible rationalization for why the ferrocene moiety in Cu-GSH-

NHFc allows the catalyst to favor the four-electron pathway for the ORR. A careful analysis of 

the literature describing molecular Cu ORR catalysts reveals that multinuclear (typically 

dinuclear) Cu centers are involved in catalysts that reduce O2 via the four-electron pathway.
21,39

 

Even catalysts containing nominally mononuclear Cu complexes were later shown to operate via 

a dinuclear mechanism.
40

 For these reasons, we propose that the Cu complexes here also reduce 

O2 via a dinuclear Cu center, but studies in our laboratory are ongoing to further interrogate this 

point.  

 In order to propose a reaction pathway, it is useful to determine the stoichiometry of Cu-

GSH-NHFc. By collecting UV-visible absorbance spectra across different molar ratios of Cu 

ions and GSH-NHFc, we used Job plot analysis to determine that in Cu-GSH-NHFc, Cu and the 

GSH-NHFc ligand exist in a 1:1 molar ratio (Figure S12). This Job plot analysis was also 

confirmed by ICP–MS analysis, which shows that the Cu:Fe ratio is 0.98:1, close to the expected 

1:1 value.  Similar UV-vis experiments with Cu-GSH also suggest a 1:1 molar ratio between Cu 

and the ligand (Figure S13). Although there is debate over the Cu coordination environment in 

Cu-GSH,
24,25,41

 most studies suggest involvement of the carboxylate and amine moieties of the 

glutamate residue and/or the thiol group. Our finding that a 1:1 Cu to ligand stoichiometry exists 

in both Cu-GSH and Cu-GSH-NHFc is consistent with the Cu in Cu-GSH-NHFc having an 

analogous coordination environment as in Cu-GSH, especially when considering that the Fc is 

attached via the pendant glycine residue. In biological contexts, Cu-GSH has been shown to 

chemically react with O2 to form Cu complexes of oxidized glutathione (Cu-GSSG).
41,42

 A 
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further set of experiments with Cu and oxidized glutathione demonstrates that under our 

conditions, the Cu:GSSG ratio is 2:1 in the Cu-GSSG complex (Figure S14). Because this 

stoichiometry is different from those found for Cu-GSH and Cu-GSH-NHFc, this finding 

suggests that within the time scale of our experiments, the GSH in Cu-GSH-NHFc is not 

chemically oxidized by dissolved O2 to form GSSG. In other words, the GSH moiety is stable 

within Cu-GSH-NHFc and does not form GSSG, at least in the absence of any electrochemistry.  

 

 
Figure 6: Proposed reaction pathway for electrocatalytic O2 reduction by Cu-GSH-NHFc and 

Cu-GSH. 

 

 Based on these findings and previous dinuclear Cu ORR mechanisms
34,43

 we propose a 

reaction pathway for ORR by both Cu-GSH-NHFc and Cu-GSH (Figure 6). First, two Cu-

containing complexes react with O2 to form a dimeric Cu-O-O-Cu intermediate in a two-electron 

transfer step. When electron transfer is relatively rapid, further electron transfer can occur to 

yield the four-electron product, H2O (blue box). We hypothesize that the covalently bound 

ferrocene moieties increase electron transfer rates to the Cu active site, thus explaining why Cu-

GSH-NHFc is capable of catalyzing the ORR by four electrons. In contrast, without the 

appended ferrocene groups, the electron transfer rates to the Cu active site are slower. In this 

case, protonation of the Cu-O-O-Cu intermediate occurs as a side reaction, which results in the 

formation of the two-electron product, H2O2 (red box). This production of H2O2 at relatively 
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slow electron transfer rates explains why Cu-GSH does not reduce O2 by four electrons 

regardless of the pH. Our finding that covalently attached ferrocene groups can improve the 

ORR catalyzed by Cu complexes is similar to previous work demonstrating that ferrocene-

modified Fe porphyrins also catalyze the ORR by four electrons.
44

  

We view using ferrocene to accelerate electron transfer as a complimentary approach to 

previous studies in which the rates of proton transfer were decreased to dinuclear Cu ORR 

catalysts using membranes.
43

 In these studies, the slower proton transfer rates are thought to 

decrease the rates of protonating the Cu-O-O-Cu intermediate, thus avoiding the production of 

H2O2 (red box) Here, with a ferrocene-modified Cu ORR catalyst, the opposite approach is taken 

whereby faster electron transfer rates favor O-O bond breaking (blue box), which also avoids 

H2O2 production and yields a catalyst that selectively produces H2O.  
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Conclusions 

We synthesized Cu complexes of glutathiones and evaluated their catalytic activity 

towards ORR. CV studies demonstrate that intermolecular electron transfer in Cu-GSH-NHFc 

occurs between Cu and the Fe in the ferrocene-modified glutathione ligand. Homogeneous 

catalysis results show that Cu, GSH and ferrocene by themselves do not have the same ORR 

activity as Cu-GSH-NHFc, thus proving the utility of covalently binding these components 

together. In other words, although the Cu center is presumed to be the active site of the catalyst, 

the nature of GSH-NHFc enables its superior ORR activity. Rotating disk electrode and rotating 

ring-disk electrodes experiments indicate that Cu-GSH-NHFc catalyzes the ORR through a four-

electron pathway at pH 4.0-7.0, while the Cu-GSH catalyst without the appended ferrocene 

catalyzes the ORR with less than four electrons regardless of pH. These findings imply that the 

attached ferrocene in Cu-GSH-NHFc is instrumental in the catalyst’s ability to reduce O2 to H2O. 

We propose a reaction pathway based on competing rates of proton and electron transfer events 

that is consistent with these findings. We anticipate that this understanding will contribute to the 

development of future non-precious metal ORR catalysts based on rational design rules.   
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