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ABSTRACT 

On-site electrochemical production of hydrogen peroxide (H2O2), an oxidant and disinfectant with 

growing demand, could be realized through the selective two-electron oxygen reduction reaction 

(2e- ORR), but the widespread adoption of this method depends on robust and efficient 

electrocatalysts. Current catalysts have been limited by cost or toxicity and lack well-defined 

structures that can facilitate systematic tuning of activity and selectivity. Here, we demonstrate a 

series of CuCo2-xNixS4 (0 ≤ x ≤ 1.2) thiospinel catalysts for 2e- ORR with variable compositions 

that can be synthesized via hydrothermal conversion. Rotating ring disk electrode measurements 

show that these catalysts have high selectivity for 2e- ORR (>60%), and that their activity can be 

improved by increasing the nickel content without compromising selectivity. An acid treatment 

step is critical prior to employing the optimized CuCo0.8Ni1.2S4 catalyst for bulk electrosynthesis 

of H2O2 in 0.05 M H2SO4 solution. Various structural analyses, including synchrotron X-ray 

spectroscopy, confirm that the catalysts retain the spinel structure after acid treatment and H2O2 

electrosynthesis. The acid treatment likely leaches the soluble copper species from the as-

synthesized catalysts that would catalyze an electro-Fenton process to consume H2O2 and generate 

hydroxyl radicals and therefore prevent the accumulation of H2O2. This work demonstrates a 

general strategy for systematic tuning of metal compound catalysts for practical H2O2 

electrosynthesis and facile generation of hydroxyl radicals.  
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INTRODUCTION 

Hydrogen peroxide (H2O2) is a useful oxidant and disinfectant with diverse industrial and everyday 

applications, with an increasing global demand that exceeds 5 million tons per year.1-4 The 

production of H2O2 mostly relies on the anthraquinone process, which requires noble metal 

catalysts, hydrogen gas, and energy-intensive distillation steps that generally take place in 

centralized chemical plants.5, 6 Even though most downstream uses of H2O2 require a concentration 

of as little as 0.1 wt%,7 usually concentrated solutions of H2O2 exceeding 70 wt% are produced by 

the anthraquinone process and transported, which can be hazardous. Direct electrosynthesis of 

H2O2 via the two-electron oxygen reduction reaction (2e- ORR) could present a cheaper, safer, and 

more environmentally conscious approach to producing H2O2 on-demand at the point of use.  

 However, the widespread adoption of H2O2 electrosynthesis has been hindered by the lack 

of active and inexpensive catalysts that are selective for 2e- ORR rather than the four-electron ORR 

process towards H2O, especially in acidic or neutral solutions.8, 9 To date, the development of 2e- 

ORR catalysts, especially in acidic solution, has focused on various ways to disperse active sites, 

which can increase the barrier to further reduction to H2O after the initial binding of the OOH* 

intermediate species by preventing scission of the O-O bond.1 However, many of these catalysts 

utilize noble metals10 and/or toxic elements.10, 11 Carbon-based catalysts12-14 have been 

demonstrated as promising earth-abundant catalysts with high selectivity towards 2e- ORR 

although many are more active in alkaline media,15 in which H2O2 is less stable.16 Due to the 

stability of H2O2 in acidic media and due to the high concentration of protons that facilitate ORR 

compared to neutral media, 2e- ORR in acidic media (O2 + 2H+ + 2e-  H2O2, E° = 0.69 V vs. 

RHE) could be more promising. Single atom catalysts (SACs) more recently emerged as promising 

2e- ORR17-21 catalysts with natural active site dispersity that can be active in acidic media, although 
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the lack of well-defined periodic structures in SACs and their sensitivity to the environment around 

the active site18, 22 limit their potential for systematic tuning improvements. The few demonstrated 

examples of compositional tuning typically resulted in an increasing activity with decreasing 

selectivity, or vice-versa.19, 23  

Along with the development of 2e- ORR SACs, transition-metal compounds such as 

CoS2,24, 25 CoSe2,26 and other binary metal compounds27, 28 have been demonstrated to be selective 

and active catalysts that are practical for H2O2 electrosynthesis in acidic media. Further tuning of 

the catalytic activity and selectivity could be anticipated when more complex metal compound 

catalysts beyond binary compounds are studied. Spinels, with a general formula of AB2X4 (A, B = 

metal ions, X = chalcogens),29 could be a promising class of catalyst materials for the selective 2e- 

ORR as they: (i) provide intrinsic metal ion separation within the relatively inert chalcogen matrix 

and (ii) allow for the inclusion of two or more metal elements in different coordination 

environments within a well-defined crystal structure. However, spinels present a challenge due to 

their complex metal site mixing.30 Even though normal spinels are typically defined as 

𝐴𝐴𝐼𝐼𝐼𝐼𝑇𝑇𝑑𝑑(𝐵𝐵𝐼𝐼𝐼𝐼𝐼𝐼, 𝐵𝐵𝐼𝐼𝐼𝐼𝐼𝐼)𝑂𝑂ℎX4 and inverse spinels termed as 𝐵𝐵𝐼𝐼𝐼𝐼𝐼𝐼𝑇𝑇𝑑𝑑(𝐴𝐴𝐼𝐼𝐼𝐼, 𝐵𝐵𝐼𝐼𝐼𝐼𝐼𝐼)𝑂𝑂ℎX4 (Td = tetrahedral metal 

sites, Oh = octahedral metal sites), the actual structures are often much more complex due to the 

mixing of metal sites with fractional site distributions and varying metal oxidation states.29, 31-33 

The metal oxidation states and site mixing within spinels are known to be synthesis-dependent,30, 

34 therefore, the properties of spinels are highly tunable but their structures are difficult to 

characterize. Several studies have shown improved oxygen evolution electrocatalytic properties in 

spinel oxides by tuning the composition of tetrahedral35 or octahedral36, 37 sites. Additionally, the 

thiospinel CuCo2S4 was reported as an electrocatalyst for the alkaline ORR.38 The octahedral metal 

sites are expected to be the more active sites for ORR and Cu has a strong preference for tetrahedral 
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sites in thiospinels, so tetrahedral Cu can act as a further dilutant of the active octahedral sites to 

ensure 2e- selectivity. Since the ionic radii of Co and Ni are similar,39 we hypothesize that one 

possible way to enhance the ORR activity of CuCo2S4 could be substituting some Co for Ni, while 

keeping the likely inert Cu tetrahedral site constant. Substitution of Ni into some of the metal sites 

in CuCo2S4 has been reported in the mineral literature40, 41 but reports on the syntheses of a 

trimetallic Cu-Co-Ni thiospinel have been limited.42 Given the recent reports of 2e- ORR catalysts 

with Co active sites,18, 24, 26 systematically modifying the likely octahedral Co active site43 of the 

thiospinel offers an opportunity for studying how compositional changes can modify both activity 

and selectivity for 2e- ORR. 

 Here, we present a series of mixed trimetallic CuCo2-xNixS4 (0 ≤ x ≤ 1.2) thiospinels 

based on Cu, Co and Ni that are hydrothermally synthesized and demonstrate the ability to increase 

the ORR activity without compromising its high 2e- ORR selectivity in acidic media. An additional 

acid treatment of the as-synthesized catalysts is crucial for bulk electrosynthesis of H2O2 while 

still maintaining the spinel structure. Without such treatment, an electro-Fenton process is 

catalyzed by the soluble copper species leached from as-synthesized catalysts to generate hydroxyl 

radicals. This work presents thiospinels as a previously unexplored class of catalyst materials for 

selective H2O2 electrosynthesis and subsequent generation of hydroxyl radicals and serves as a 

case study to demonstrate a general strategy for improving complex metal chalcogenide catalysts 

through compositional tuning and subsequent treatment.  

RESULTS AND DISCUSSION 

Synthesis and Characterization of Trimetallic Thiospinel Catalysts. We synthesized mixed-

metal-site trimetallic thiospinel catalyst powders with the general formula CuCo2-xNixS4 (CCNS) 

by first synthesizing trimetallic metal hydroxide precursors (Scheme 1, Step I) and then converting 
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them using a hydrothermal sulfidation process with an excess of sodium sulfide to obtain CCNS 

(Scheme 1, Step II, see Supporting Information for details). The general process was modified 

from previously reported synthesis procedures for CuCo2S4.44, 45 Assuming primarily octahedral 

substitution of Co by Ni, nominal nickel loadings were increased stoichiometrically while cobalt 

loadings were decreased proportionally. The four synthesized CCNS samples with varying Ni 

substitution are defined by the total amount of formula nickel equivalents added as x, ranging from 

0 to 1.2 for these four CuCo2-xNixS4 samples (x = 0, 0.4, 0.8, 1.2). 

 

Scheme 1. Synthesis process of the active CuCo2-xNixS4 catalysts: I) Hydrothermal synthesis of 

initial mixed CuCo2-xNix metal hydroxide precursor, termed CCN; II) hydrothermal sulfidation of 

CCN to a single-phase CuCo2-xNixS4 thiospinel, termed CCNS; III) room temperature acid 

treatment of CCNS in H2SO4 to yield the final treated CCNS phase for bulk electrosynthesis of 

H2O2. 

Scanning electron microscopy energy dispersive X-ray spectroscopy (SEM-EDS) and X-

ray photoelectron spectroscopy (XPS) measurements of these CCNS samples reveal excellent 

agreement between the percentage of Ni and Co elements present in the powders and the nominal 

loading of Ni and Co into the precursors (Figure 1a, Table S1, and Table S2). Powder X-ray 
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diffraction (PXRD) patterns of the as-prepared CCNS samples (Figure 1b), showed peaks all 

matching closely with the standard pattern for CuCo2S4 (the x = 0 phase), and thus confirmed the 

spinel phases. There is a small, but systematic, peak shift to higher 2θ as the Ni substitution 

increases, due to the difference in atomic radii between Ni and Co. Further increasing the nominal 

loading of Ni to x = 1.4 yielded a dominant non-spinel phase (Figure S1), suggesting that a CuNi2S4 

phase (the would be “x = 2 phase”) is not attainable, consistent with known mineral 

compositions.40, 41 The successful incorporation of Ni in CCNS (x ≤ 1.2)  is further confirmed by 

Raman spectroscopy. Raman peaks for the CCNS x = 0 phase matches the known peaks that 

fingerprint the CuCo2S4 phase,46 and the major peak displays a systematic red shift and decrease 

in intensity as the Ni substitution increases (Figure 1c and Figure S2). XPS reveals little change in 

the peak positions of Cu, Co, and S, but some change in the binding energy of the Ni peaks (Figure 

S3). SEM-EDS elemental mapping shows strong spatial correlation between the elemental signals 

(Figure S4) further suggesting a monophasic spinel even at the highest Ni substitution level. SEM 

images of CCNS (Figure S5) reveal a high-surface area morphology for all four samples. 

 

Figure 1. Structural characterization of as-synthesized nanostructured CCNS (x = 0, 0.4, 0.8, and 

1.2) catalysts. a) Elemental compositions of CCNS powders by SEM-EDS (filled diamonds) and 

XPS (empty diamonds) as a function of the nominal loading of Co and Ni. b) Powder X-ray 
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diffraction patterns of CCNS powders in comparison with the standard pattern of CuCo2S4 (JCPDS 

#42-1450). c) Raman spectra of CCNS powders. 

Selectivity and Activity of Trimetallic Thiospinel Catalysts for ORR. We then used a rotating 

ring-disk electrode (RRDE) to evaluate the catalytic activity and selectivity towards 2e- ORR on 

this series of as-synthesized catalysts to study the effect of increasing Ni substitution. The RRDE 

was first calibrated using a ferri-/ferrocyanide redox couple and determined to have a collection 

efficiency of 39% (Figure S6). The uncompensated resistance of each measurement was calibrated 

by electrochemical impedance spectroscopy (Figure S7). The CCNS powders were dispersed in a 

Nafion-containing solution then drop-casted onto the glassy carbon disk of the RRDE. Then, ORR 

was measured on the disk electrode in O2-saturated 0.05 M H2SO4 while the Pt ring electrode was 

held at a constant potential to selectively detect the production of H2O2 at the diffusion limit (see 

the Supporting Information for details). A constant mass loading of 159 µg/cm2 was used for all 

four samples, which was chosen based on the mass loading-activity/selectivity tradeoff of CuCo2S4 

(Figure S8). The observed mass loading trend follows previous studies on the impact of catalyst 

loading on H2O2 selectivity.24, 26, 47  

All four CCNS catalysts were found to be selective (~60-70%) toward 2e- ORR across the 

measured potential range (0.6 V to 0.25 V vs. RHE), with little variation of selectivity as the Ni 

substitution level is varied (Figure 2 and Figure S9). The CCNS x = 1.2 exhibits similar ring current 

and selectivity to the CoS2 catalyst measured at 637 µgcatalyst/cm2 (305 µgCo/cm2),24 but with a less 

severe drop in selectivity at higher overpotentials. However, the mass activity increases as 

evidenced by the increasing current density for both the disk and ring electrodes – the ring current 

density increase additionally suggests an overall higher amount of H2O2 produced. The similarity 

of the measured double-layer-capacitance (Figure S10 and Figure S11) across all samples suggests 
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that this activity increase was not an effect of increasing surface area. Koutecky-Levich (K-L) 

analysis of the disk current showed modest agreement with the RRDE data at high overpotential 

(Figure S12, Supplementary Note 1 and Table S3). K-L analysis of the ring current also allows for 

calculation of the kinetic current density towards H2O2 production (see Supporting Information for 

details), which allows for a performance comparison to other previously reported catalysts in 

acidic media (Figure S13).  

 

Figure 2. RRDE voltammograms measured at 1600 rpm in O2-saturated 0.05 M H2SO4 (pH = 1.2) 

and the corresponding H2O2 selectivity of various CuCo2-xNixS4 catalysts. 

Electrosynthesis of H2O2 Using Optimized Trimetallic CuCo0.8Ni1.2S4 Catalyst. For the bulk 

electrosynthesis of H2O2, the CCNS catalysts were synthesized directly onto carbon fiber paper 
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(CFP) to maximize the electrode surface area. The CCNS/CFP was subsequently cut to have a 

solution accessible surface area of ~1cm2 (Figure S14). Furthermore, before electrolysis we 

performed an acid treatment step where the CCNS/CFP was soaked in 0.05 M H2SO4 for three 

hours (Scheme 1, Step III). The role of the acid treatment is to remove the easily leached copper 

species from the sample and to guarantee H2O2 accumulation (see further discussion later). A 

constant potential of 0.25 V vs. RHE was applied to the treated CCNS (x = 1.2)/CFP in O2-

saturated 0.05 M H2SO4 and the current was measured (Figure 3a) while periodically sampling 

aliquots of the electrolyte for spectroscopic chemical detection of the H2O2 product (Figure S15, 

see experimental details in Supporting Information). The concentration of H2O2 was found to reach 

84 ppm before beginning to degrade (Figure 3b), which corresponded to a peak H2O2 yield of 11.1 

μmol (Figure 3c). Then the production of H2O2 was limited by a low selectivity which decreased 

over the course of the measurement (Figure 3d), likely due to an increasing rate of H2O2 reduction 

to water caused by the accumulation of H2O2. 
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Figure 3. Bulk electrosynthesis and chemical detection of H2O2 produced on acid treated CCNS 

(x = 1.2)/CFP. a) Chronoamperometry curve of treated CCNS (x = 1.2)/CFP at 0.25 V vs. RHE in 

O2-saturated 0.05 M H2SO4 (pH = 1.2) with 1200 rpm stirring. b) Cumulative H2O2 concentration, 

c) cumulative H2O2 yield, and d) cumulative H2O2 selectivity and Faradaic efficiency during bulk 

electrolysis. 

The electrochemical performance of the treated CCNS (x = 1.2)/CFP did not differ 

significantly from that of an electrode which was electrochemically conditioned in acid under the 

electrolysis operating conditions (Figure S16, Figure S17 and Figure S18). This suggests that the 

acidic solution initially conditions the electrode to be ready for H2O2 electrosynthesis, but the 

electrochemical conditions do not further change the electrode. Additionally, when the 

electrochemically conditioned CCNS (x = 1.2)/CFP was removed from the electrolyte and 

immersed in a fresh electrolyte, the second electrolysis run (Figure S19) showed similar 



 12 

performance to the first run, demonstrating that the electrode remains stable after treatment. Cyclic 

voltammetry on the electrochemically conditioned catalyst (Figure S20) also suggests the presence 

of H2O2 after the second run on account of the increased reductive current that is indicative of 

H2O2 being further reduced to water, likely limiting the practical performance at higher potentials. 

In contrast, the reductive current in the first run decreases while the oxidative current increases, 

suggesting a lack of H2O2 buildup and a change in some redox speciation at the electrode (see 

further discussion later). The full results of the treated CCNS (x = 1.2)/CFP runs are summarized 

in Table S4. The CuCo2S4/CFP was also treated and subsequently tested (Figure S21), but was 

found to be less active than the treated CCNS (x = 1.2)/CFP and did not improve upon further 

treatment.  

Structural Characterization of Acid-Treated Thiospinel Catalysts. The stability of the 

thiospinel phase through the electrolysis process was confirmed by ex-situ XRD. Spinel phase 

diffraction peaks appear for both as-prepared and treated CCNS (x = 1.2)/CFP after the 90-minute 

electrolysis (Figure 4a). This is consistent with the demonstrated stability of a CuCo2S4 catalyst 

measured over the same electrolysis time period (Figure S22). Raman spectroscopy further 

confirmed that the surface structure of the catalyst remains unchanged before and after the 

electrosynthesis process (Figure 4b and Figure S24). The morphology observed by SEM (Figure 

S18) does not appear significantly different before and after the treatment and electrolysis process. 
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Figure 4. Various CCNS powder samples and treated CCNS/CFP samples characterized ex-situ 

after-electrolysis by: a) powder X-ray diffraction, b) Raman spectroscopy, c) Cu K-edge 

EXAFS, d) Co K-edge EXAFS, and e) Ni K-edge EXAFS. The largest diffraction peaks in a) 

come from carbon paper.  

To further probe the mechanism of Ni substitution, ensure that the three metals all exist in 

a monophasic spinel structure, and check that the metals remain integrated after the treatment 

procedure, we conducted X-ray absorption spectroscopy (XAS) studies at beamline 10-BM-B of 

the Advanced Photon Source (see Supporting Information for details). We first measured all four 

as-synthesized CCNS powder samples with different Ni substitution levels, as well as the treated 

CCNS/CFP samples. The intensity of the peaks assigned to the Cu to B-site (MOh) path and the Cu 
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to A-site (MTd) paths (between 3 Å and 4.5 Å) decrease as the x-value increases for CCNS samples 

while the two peaks become more convoluted (Figure 4c). Meanwhile, the treated CCNS (x = 

1.2)/CFP has more clearly separated Cu to B-site and Cu to A-site peaks indicating maintained 

local order and bulk spinel structure after treatment. The Co K-edge EXAFS spectra (Figure 4d) 

show only significant changes in intensity of the Co to B site and Co to A site peaks, but the uplift 

of these peaks appears roughly equal, suggesting no significant change in Co’s average site 

environment. The Ni K-edge EXAFS (Figure 4e) suggests a more similar coordination 

environment to Co than to Cu for the treated CCNS (x = 1.2)/CFP, based on the relative intensities 

of the scattering paths to octahedral and tetrahedral sites and the larger separation of the major 

peaks. The pronounced uplift of the Ni-MTd peak for the treated CCNS (x  = 1.2)/CFP, without a 

corresponding increase in the Ni-MOh peak, could indicate some site rearrangement to compensate 

for the loss of Cu and maintain charge balance within the structure (more details in Supplementary 

Note 2). Since the Co K-edge first shell peak has the highest intensity, followed by Ni and then 

Cu, the Co should also have the highest coordination, followed by Ni and Cu. Furthermore, the Cu 

EXAFS and Co EXAFS appear consistent with the R-space spectra previously reported for 

CuCo2S4.48 The EXAFS features of a treated CCNS (x = 1.2) sample measured after 90 minutes 

of electrolysis operation (Figure S25) also showed excellent agreement with the sample measured 

after treatment without electrolysis operation, further demonstrating the stability of the catalyst in 

the electrolysis conditions. Finally, to demonstrate the similarity of the structures of the 

unsupported CCNS and the CFP supported CCNS, we also collected the EXAFS of the untreated 

CCNS (x = 1.2)/CFP (Figure S25), which showed reasonable agreement with the sample without 

CFP substrate. 
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The XANES spectra show minor changes in pre-edge peak positions and the edge position 

for the Cu K-edge and Ni K-edge before and after the acid treatment (Figure S26 and Figure S27), 

suggesting some charge transfer as the sites reorganize during the treatment, which was consistent 

with XPS results (Figure S28). Given that Ni shows apparent mixed oxidation states, Ni(II) and 

Ni(III) must exist in the structure, and thus a mix of tetrahedral and octahedral coordination is 

consistent with the stronger octahedral site preference of Ni(II) and weaker octahedral site 

preference of Ni(III).35 Moreover, EXAFS fitting results (Figure S29, Table S6-S8, Supplementary 

Note 3) confirm that the Co coordination number across most samples is significantly higher than 

the Cu coordination number, and the Ni coordination number lies between Co and Cu, typically 

indistinguishable between the two within the error of the fit. An increase in the Ni coordination 

number in CCNS samples with x between 0.4 and 0.8 suggests that the Ni may initially substitute 

into tetrahedral sites, displacing Cu, only filling octahedral sites in catalysts with higher Ni content. 

This hypothesis is further supported by the decrease in the convolution of the Ni-Td peak as the Ni 

content is increased, resulting in a final treated CCNS (x = 1.2)/CFP structure that more closely 

resembles the Co EXAFS spectrum for CuCo2S4, rather than the Cu EXAFS spectrum (see 

Supplementary Note 2 for more details). Combining the XRD, Raman and XAS results, we can 

conclude that a single-phase thiospinel structure is maintained in bulk and locally in as-prepared 

CCNS powders at x-values up to 1.2, and the structure is preserved after the acid treatment.  

Investigation of the Leached Metal Species during Acid Treatment. To further investigate the 

mechanism by which the acid treatment modifies the CCNS catalyst, we monitored the metal 

leaching rates from the catalyst into the treatment solution and in the electrolyte post-electrolysis 

using ICP-OES (Figure 5a, Table S8, and Table S9). The leaching of Cu during the acid treatment 

step was faster compared to the leaching rate of the treated CCNS (x = 1.2) under the electrolysis 



 16 

operation, and both had much faster leaching rates than CuCo2S4 (Table S10). SEM-EDS, XPS, 

and ICP-OES elemental composition measurements of the catalyst all confirm a decrease in the 

formula amount of Cu in treated CCNS (x = 1.2)/CFP to between 0.4 and 0.6, while Co and Ni 

compositions were not significantly changed (Figure S30 and Table S11-S13). Overall, XPS 

indicates more metal deficient surfaces for the treated samples, likely due to the kinetics of the 

leaching process outpacing the reconstruction of metal sites from the bulk replacing sites at the 

surface. The ~3:4 ratio of metal to sulfur measured for the treated samples by SEM-EDS and ICP-

OES further support that the treated CCNS (x = 1.2) sample maintain the spinel phase (Table S11 

and S13). We hypothesize that this acid treatment step likely facilitates the rearrangement of the 

as-synthesized spinel material to a more stable, copper-deficient, complex spinel phase with mixed 

nickel coordination environments, i.e. [Cu1-αNiα]tetrahedral[Co2-βNiβ]octahedralS4, where α + β = x.   

 

Figure 5. Detection and measurement of Cu leached from the CCNS (x = 1.2) catalyst and its role 

in electro-Fenton process. a) Metal leaching rates during the acid treatment and during the 
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electrosynthesis process measured by ICP-OES. b) Cyclic voltammetry of CCNS powders 

highlighting the shifting Cu(I)/Cu(II) redox feature as the Ni substitution increases. c) Electrolytic 

Rhodamine B degradation using the Cu-based electro-Fenton process at 0.25 V vs. RHE in 0.05 

M H2SO4 (pH = 1.2) under 1500 rpm stirring, d) the corresponding concentration profile showing 

degradation of Rhodamine B over the course of the Fenton electrolysis process. e) Proposed 

mechanisms of H2O2 degradation over the untreated CCNS catalyst where leached Cu+ ions can 

catalyze the electro-Fenton process. 

The presence of the leached Cu species was further confirmed by cyclic voltammetry in 

Ar-saturated 0.05 M H2SO4 (Figure 5b), which shows that the as-synthesized Ni-containing CCNS 

samples clearly display a shift in Epc (the potential at the cathodic redox maximum) from 0.42 V 

vs. RHE for x = 0.4 to 0.49 V vs. RHE for x = 1.2. In contrast, CuCo2S4 lacks this feature 

completely. Given the high concentrations of metal ions observed in the treatment solutions of 

CCNS (x = 1.2)/CFP compared to CuCo2S4/CFP (Figure 5a and Table S4), it is likely that the 

leached metal ion(s) led to this redox feature and the shift suggests an increase in the concentration 

of the redox active species, resulting in Nernstian shift of the redox potential. Co and Ni are ruled 

out as the redox active species because their characteristic redox features are not in this potential 

window. This feature is most likely due to the Cu(II) to Cu(I) redox, on account of the greater 

stability of Cu(II) in solution,49 which could result in a large Nernstian shift (Figure S31) away 

from the formal potential of 0.159 V vs. SHE50 (i.e. 0.230 V vs. RHE at pH = 1.2). The low 

concentrations of Cu(I) expected due to disproportionation and the low overall concentrations of 

Cu present during RRDE measurements further support a Cu(II) to Cu(I) redox, and the observed 

70 mV shift corresponds to a 10-fold increase in the leached Cu concentration. Some contribution 

of the Cu(I) to Cu(0) redox is possible, but unlikely due to the higher concentration regime required 
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for the observed redox potentials and the relative instability of both Cu(I) and Cu(0) in acidic 

environment. Although the initial oxidation state of Cu in the thiospinel catalysts is expected to be 

Cu(I),32, 51 the labile surface Cu(I) could be readily oxidized and leached into solution in acidic 

conditions. Based on the anodically shifting Epc, the Cu may be more readily leached as the amount 

of Ni substitution is increased in the CCNS sample. Alternatively, electron transfer between Cu 

and Ni as more Ni is incorporated, evidenced by shifting oxidation states (Figure S4), could 

modulate the Cu based redox on the surface instead. 

Built-in Electro-Fenton Process via [SJ1]  Leached Copper Species to Generate 

Hydroxyl Radicals. Importantly, Cu(I) ions have been previously demonstrated as active Fenton 

reagents,52-55 i.e. Cu(I) can react with H2O2 to form hydroxyl radicals, which is an even more potent 

oxidant than H2O2 and widely used in environmental applications.55-57 Therefore, we suspect that 

H2O2 is also produced on the CCNS catalysts that have not been acid treated, but the produced 

H2O2 is quickly converted to hydroxyl radicals by the Cu(I) ions that were leached into the 

electrolyte. Similar process has been previously reported for CuxP catalysts.53 To confirm this 

hypothesis, we then ran electrolysis on CCNS/CFP in 0.05 M H2SO4 containing a model dye 

compound commonly used in the studies of electro-Fenton processes,58 Rhodamine B (Figure 5c). 

We observed (Figure S32) the degradation of 40% of the dye over the course of 2.5 hours (Figure 

5d), which is consistent with the observation in an electro-Fenton process intentionally enabled by 

adding Fe2+ ions.26  

Based on these evidences, we summarize our proposed mechanism of H2O2 degradation in 

Figure 5e. First, O2 is reduced to H2O2 on the CCNS catalyst via 2e- ORR. Meanwhile, Cu(II) is 

leached from the oxidation of Cu(I) in the catalyst sample or amorphous Cu impurities termed 

CuSx – which has been demonstrated to be relatively inactive for 2e- ORR.59 The leached Cu(II) 
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can be subsequently regenerated to Cu(I) on the electrode when a reductive potential is applied, 

allowing for Cu(I) to subsequently reduce H2O2 and generate hydroxyl radicals via a Fenton 

process, preventing the H2O2 concentration from being accumulated unless the soluble Cu species 

are removed. When the rate of the reduction of H2O2 by Cu(I) (which depends on the rate of 

production of Cu(II) by Path II and Path III and the regeneration of Cu(I) by Path IV) becomes 

equal to the rate of 2e- ORR (Path I), the maximum concentration of H2O2 is reached for that 

catalyst loading and potential. However, an acid treatment step or the electrolysis process removes 

the leachable Cu species, therefore H2O2 can be successfully accumulated in bulk. If electro-

Fenton process and hydroxyl radical generation are desired for water treatment applications, it can 

be “self-catalyzed” by the built-in Cu(I) species. On the other hand, if concentration built-up of 

H2O2 is desired, the catalyst can be acid-treated before electrolysis.  

CONCLUSIONS 

We systematically tuned the compositions of CuCo2-xNixS4 thiospinel catalysts by varying 

the amount of Ni to study the 2e- ORR catalysis. Among the CuCo2-xNixS4 (0 ≤ x ≤ 1.2) samples 

that maintain a spinel phase, the optimized activity is observed for CuCo2-xNixS4 samples with 

higher Ni substitution. RRDE measurements show that the CuCo0.8Ni1.2S4 catalyst achieves a ring 

current density over 1 mA/cm2disk at 0.25 V vs. RHE while maintaining >60% H2O2 selectivity. 

After an acid treatment procedure, the optimized CuCo0.8Ni1.2S4 catalyst can accumulate up to 84 

ppm of H2O2 at 0.25 V vs. RHE over the course of 90 minutes, which exceeds that by CuCo2S4 

measured under the same conditions. XRD and Raman confirmed the stability of the spinel phase 

catalyst after both the acid treatment procedure and electrolysis. XAS results further confirmed 

that the local coordination environments of all three metals remain the same after the treatment 

procedure, and that Ni substitution occurs at both tetrahedral and octahedral sites. We found that 
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the acid treatment procedure preferentially leaches soluble Cu species, which catalyze an electro-

Fenton process that consumes the produced H2O2 to generate hydroxyl radicals. Thus, the as-

synthesized CuCo2-xNixS4 catalyst can be used for electro-Fenton degradation of organic pollutants 

without need for storage of H2O2 or addition of metal Fenton reagents, while the acid treated 

catalyst can allow for the build-up of H2O2 solutions. This study sheds lights onto the mechanisms 

that lead to composition-tunable intrinsic 2e- ORR selectivity while also highlighting the 

importance of understanding the phase stability and structural complexity of such catalysts under 

the operating conditions in order to achieve practical production of H2O2. Additionally, these 

results open the possibility for further improvement of spinel-type catalysts for 2e- ORR by tuning 

the atomic compositions of different metal sites and provides possible strategies for tuning mixed 

metal spinel catalysts for selective ORR and subsequent generation of hydroxyl radicals. 
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