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ABSTRACT: Development of cost-effective oxygen evolution catalysts is a task of capital 

importance for the deployment of large scale energy storage systems based on metal-air batteries 

and reversible fuel cells. In this direction, a wide range of materials have been explored. Among 

other, several metal chalcogenides have demonstrated excellent performances. However, 

chalcogenides are thermodynamically less stable than the corresponding oxides and hydroxides 

under oxidizing potentials and can be chemically transformed during oxygen evolution in 

alkaline media. While this instability has prevented in some cases their application as oxygen 

evolution catalysts and it has been disregarded in some other, we propose to use it in our favor to 

produce a high performance copper-based oxygen evolution catalyst. We characterize here the in 

situ chemical, structural and morphological transformation during the oxygen evolution reaction 

(OER) in alkaline media of Cu2S into CuO nanowires (NWs), mediating the intermediate 

formation of Cu(OH)2. We also test their OER activity and their stability under OER operation in 

alkaline media, and compare it with the OER performance of Cu(OH)2 and CuO nanostructures 

directly grown on the surface of a copper mesh. We demonstrate here that CuO produced during 

OER from Cu2S displays extraordinary electrocatalytic performance toward OER, well above 

that of copper oxide synthesized mediating no OER in situ transformation.  
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1. INTRODUCTION 

Driven by energy and environmental crises resulting from the fast consumption of fossil fuels, 

the share of renewable energies such as wind and photovoltaics is steadily growing. To sustain 

this growth, besides increasing cost-efficiency of the generation technologies, we need to find 

solutions for large scale and distributed power storage systems that are able to compensate for 

the fluctuating character of these energy supplies. In this direction, metal-air batteries, reversible 

fuel cells and electrolysers are the most promising technologies for large scale energy storage, 

but all of them are limited by the same essential and sluggish reaction step: oxygen evolution.
1–

3
The oxygen evolution reaction (OER) involves breaking O-H bonds to form O=O bonds, what 

comprises four sequential proton-coupled electron transfer steps.
4–7

 Currently noble metals are 

used to catalyze this reaction, but activities and stabilities are still not satisfactory and the high 

cost of these catalysts compromises the system cost-effective. Thus the development of highly 

efficient and robust OER catalysts based on earth-abundant elements is a topic of capital 

importance.
8–13

 

Transition metal oxides and (oxy)hydroxides are the main alternative to noble metals as OER 

catalysts, reaching performances close to those of IrO2/RuO2 in alkaline media.
14,15

 Additionally, 

several reports have claimed metal phosphides,
16–18

 nitrides,
19–22

 selenides
23,24

 and sulfides
25–28

 to 

be excellent OER catalysts. However, some of these compounds are thermodynamically unstable 

under harsh OER conditions and may suffer chemical transformation during operation.
2,6,29–31

 

While this instability has been ignored in most studies, when analyzed in detail, excellent 

performances obtained for chalcogenides and pnictides have in some cases been related not to 

the chalcogenide or pnictide cations, but to the in situ formed oxide or (oxy)hydroxide.
32–39

  For 

example, the surface of CoSx
40

 and NiS,
27

 would oxidize to the corresponding 

oxide/(oxy)hydroxide species (always presented as amorphous) to generate the core-shell 

structure with superior activity in OER operation. This oxidation phenomenon in OER case has 

also been seen in other metal-based electrocatalysts such as NiSe,
6
 CoP,

41
 CoN,

42
 NixFe1-xSe2,

43
 

Co0.6Fe0.4P,
44

 etc. 

The outstanding performances measured from oxides and hydroxides grown during OER 

operation may have different origins: i) During the in situ growth of the oxide/hydroxide 

nanostructured material, avenues for effective electrolyte diffusion may be created; ii) During the 
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rapid chemical transformation at ambient temperature, an increase of the surface area through the 

material recrystallization in the form of smaller crystallites may be obtained. iii) A high density 

of defects, including ion vacancies, grain boundaries and metastable phases, may be obtained in 

these growth conditions; iv) New catalytic sites with higher activity may be in situ created due to 

the intimate relation between the structure growth and the electrocatalytic OER process; v) 

Residual chalcogen and phosphorous cations may remain on the surface providing favorable 

catalytic sites. 
45–48

 

Herein, we report on the chemical, structural and morphological transformation during OER 

operation of Cu2S nanowires (NWs) grown on the surface of a copper mesh (CM). We further 

investigate the effect that these transformations have on the OER activity of Cu2S and Cu2S-

derived nanostructures and demonstrate the OER performance of the compound in situ formed 

during operation to outperform that of the same compound obtained by other processes, both in 

terms of activity and stability.   
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2. EXPERIMENTAL SECTION 

Chemicals: Ammonium persulfate (APS, (NH4)2S2O8, ≥98.0 %) and sodium sulfide nonahydrate 

(Na2S·9H2O, ≥98.0 %) were purchased from Aldrich. Sodium hydroxide (NaOH, 98.5 %) was 

purchased from Acros. All chemicals were used as received without further purification. Cu 

mesh (CM) with a wire diameter of about 200m and a pore size of 400 m, and Cu foam (CF) 

with a thickness of 1 mm and a pore size of 120 PPI were purchased from Kunshan 

GuangJiaYuan new materials Co. Ltd. Deionized water (DW, 18.6 MΩ/cm) obtained using a 

purification system (Mini-Q Water) was used for all experiments. 

Synthesis of Cu(OH)2/CM: Cu(OH)2 NWs on CM (Cu(OH)2/CM) were prepared following an 

earlier report with some modifications.
49,50

 Briefly, a piece of CM (2.5 cm×1 cm) was thoroughly 

cleaned using ethanol/acetone and HCl (5 mol/L) for 30 minutes, and then rinsed with plenty of 

DW. The cleaned CM was then immersed in a solution of NaOH (40 mmol), APS (2 mmol) and 

DW (20 mL) at room temperature for 30 min. The obtained Cu(OH)2/CM was then washed 

carefully using DW and then dried using nitrogen flow. 

Synthesis of Cu2S/CM: Cu2S NWs on CM (Cu2S/CM) were prepared by an anion exchange 

route. Cu(OH)2/CM were immersed in a Na2S solution (20 mL DW, 0.1 mol/L) for 1 h at 60 °C. 

The obtained black Cu2S/CM was carefully washed using DW and ethanol and then dried 

naturally.  

Synthesis of CuO/CM-AN: CuO NWs on Cu mesh (CuO/CM-AN) were prepared by annealing 

Cu(OH)2/CM under Ar atmosphere for 2 h at 200 °C, reached using a temperature ramp of 

5 °C/min. The obtained CuO/CM-AN was collected without any further treatment. 

Synthesis of Cu2S/CF: Cu2S NWs on CF (Cu2S/CF) were prepared using a similar procedure as 

the one used to produce Cu2S/CM, but using a CF instead of a CM and increasing the 

sulfurization time to 2 h to complete the ion exchange. 

Materials characterization: X-ray diffraction (XRD) patterns were obtained on a Bruker AXS 

D8 Advance X-ray diffractometer (Bruker, Karlsruhe, Germany) operating at 40 kV and 40 mA 

with Ni-filtered (2 m thickness) Cu K1 radiation ( = 1.5406 Å). Scanning electron 

microscope (SEM) analysis was carried out in a Zeiss Auriga microscope (Carl Zeiss, Jena, 

Germany) with an energy dispersive X-ray spectroscopy (EDX) detector at 20 kV to study 

composition. Transmission electron microscopy (TEM) characterization was carried out on a 
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Zeiss Libra 120 (Carl Zeiss, Jena, Germany), operating at 120 kV. High-resolution TEM 

(HRTEM) images were obtained using a field emission gun FEI Tecnai F20 microscope at 200 

kV with a point-to-point resolution of 0.19 nm. High angle annular dark-field (HAADF) STEM 

was combined with electron energy loss spectroscopy (EELS) in the Tecnai microscope by using 

a Gatan Quantum filter. For TEM characterization, tiny powder samples were carefully collected 

by folding the Cu substrate to peel the surface materials. The collected powder was dispersed in 

ethanol by 30 s sonication and then drop casted on a 200 mesh copper grid. X-ray photoelectron 

spectroscopy (XPS) was carried out on a Specs system (Specs GmbH, Berlin, Germany) 

equipped with a Mg anode XR50 source operating at 250 mW and a Phoibos 150 MCD-9 

detector (Specs GmbH, Berlin, Germany). The pressure in the analysis chamber was kept below 

10
-7

 Pa. Data processing was performed with the CasaXPS program (Casa Software Ltd., UK). 

Binding energy (BE) values were centered by using the C 1s peak at 284.8 eV.   

Electrochemical measurements: Electrochemical measurements were conducted in a three-

electrode system using an electrochemical workstation (Metrohm Autolab). Characterized 

samples were used as working electrode (partially cut to leave the working area as 1×1 cm); 

while a graphite rod with a diameter of 6 mm was used as the counter electrode and a Hg/HgO (1 

M KOH, 0.098 V vs. RHE) was applied as the reference electrode. 1 M KOH was used as 

electrolyte. The electrolyte was purged with O2 for 30 min prior to each measurement. The 

following formula was used to convert the potentials to the reversible hydrogen electrode (RHE) 

standard scale: 

E vs. RHE = EHg/HgO + E
o

Hg/HgO + 0.059 × pH = EHg/HgO + 0.924 (V) 

While the following formula was applied to calculate the overpotentials: 

= E – 1.23 (V) = EHg/HgO – 0.306 (V) 

    Polarization curves were obtained using cyclic voltammetry (CV) at 100 mV/s when 

analyzing chemical transformations and at 5 mV/s when analyzing OER performance. Structural, 

chemical and morphological characterization of the electrodes after operation/activation was 

carried out by cutting a small piece of working electrode (ca. 3×3mm triangle). All tests were 

done under static circumstance without a magnet bar stirring on bottom. All the experiments 

were performed at room temperature of ca. 15 
o
C.  
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Electrochemical surface area (ECSA): To estimate the effective ECSA, CV measurements 

were conducted to check the electrochemical double layer capacitance of samples at the non-

faradic potential region to. Typically, a series of CV were performed at various scan rates (10 

mV/s, 20 mV/s, 40 mV/s, etc.) in 1.22-1.32 V vs. RHE. The double layer capacitance (Cdl) was 

determined using the equation ΔJ/2 = ×Cdl, in which ΔJ corresponds to the current density 

between the anodic and cathodic sweeps at 1.27 V vs. RHE against the scan rate. The slope of 

the fitting line is equal to twice of the Cdl value, which is proportional to the electrochemical 

surface area of the materials. This comparison makes sense only when the measurements of 

materials are carried out under the same condition. 

Electrochemical impedance spectroscopy (EIS): EIS was conducted on the working electrodes 

under the OER operating conditions at the anodic bias that delivered a geometric current density 

of ~10 mA/cm
2
 (0.68 V vs. Hg/HgO). A sinusoidal voltage with amplitude of 10 mV and a 

scanning frequency ranging from 100 mHz to 1 MHz was applied to carry out the measurements.  

iR correction: The OER curves in this work are shown without iR correction. However, to 

display the accurate performance on OER operation, we did iR correction towards the 

overpotential that delivers a geometric current density of 10 mA/cm
2
 according to the following 

formula: 

corrected = - i𝑅𝑠  × 90 % 

𝑅𝑠 indicates the electrolyte solution resistance and can be measured using EIS. In our work, the 

𝑅𝑠  was measured as 4.7 Ω at 10 mA/cm
2
 for electrode of Cu2S-derived CuO/CM. 

In-situ Raman spectroscopy: In-situ Raman measurements were performed with a Raman 

microscope (Horiba Jobin Yvon XploRA PLUS) coupled to an optical microscope (Olympus 

BX41). The objective lens (Olympus MPlan N, 50×, NA=0.75) was covered with optically 

transparent Teflon film (American Durafilm 50A, 0.013 mm) to prevent potential damage from 

electrolytes. Raman excitation was provided by a 532 nm laser (Horiba DPSS). A 3-electrode 

configuration was set up in a 3D printed Raman electrochemical cell that was fit onto the manual 

Olympus XY stage. The 3-electrode configuration was connected to a Bio-Logic SP-50 

potentiostat. 
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3. RESULTS AND DISCUSSION 

Cu(OH)2 NWs were grown at the surface of a CM by immersing it in an aqueous solution of 

NaOH/APS for 30 min. During this process, the initial reddish brown CM turned greenish-blue 

(Figure S1a). XRD patterns (Figure 1a) of the produced layers fitted well with the standard 

JCPDF card #13-0420 corresponding to Cu(OH)2. SEM micrographs of Cu(OH)2/CM displayed 

a homogeneous distribution of faceted NWs with an average thickness of ca. 200 nm (Figures 1b) 

and an average length of ca. 15 m (Figure Sx). The growth mechanism of Cu(OH)2 NWs from 

Cu surfaces was previously described and it is illustrated in Figure S1d.
51

 Briefly, surface Cu is 

oxidized by S2O8
2-

 ions to Cu
2+

, which immediately reacts with OH
-
 in solution to subsequently 

recrystallize Cu(OH)2 nanostructures on the CM surface.
51

 

Cu(OH)2/CM was sulfurized by immersion in a Na2S solution (Figure 1c). During this 

transformation, the layer color changed from greenish-blue to black (Figure S1a). XRD analysis 

showed the produced layers to display a hexagonal Cu2S crystal phase (JCPDS #23-0961), with 

no evidence of crystalline CuxO impurities. EDX analyses confirmed the atomic ratio between 

Cu and S to be close to that of stoichiometric Cu2S (Figure S2). Cu2S nanostructures maintained 

the original Cu(OH)2 NW geometry, but displayed much rougher surfaces that contained flake-

like crystallites with an average size of ca. 50 nm in diameter and ca. 10 nm in thickness 

(Figures 1c, 1d, S1c). HRTEM analysis confirmed the crystallographic phase of the crystallites 

to match that of  hexagonal Cu2S (space group = P63/mmc) with a=b=3.8900 Å and c=6.6800 Å 

(Figure 1d, right side). EELS chemical composition maps displayed an homogeneous 

distribution of both Cu and S throughout the NWs (Figure 1e).  

     XPS analysis of Cu2S/CM (Figure 1f) displayed a main Cu 2p doublet at 932.7 eV (Cu 2p3/2), 

corresponding to Cu
0
 and/or Cu

+
 species.

52,53
 The presence of a small satellite peak at ca. 945 eV 

revealed the existence of a Cu
2+

 contribution, which accounted for less than 10 % of the total 

measured copper. This contribution may result from a partial surface oxidation upon exposure to 

ambient atmosphere.
54

 The Cu LMM Auger spectrum was analyzed to differentiate between Cu
0
 

and Cu
+
 components. As displayed in Figure 1f, the Cu LMM signal could be fitted assuming a 

main Cu2S component and a minor CuO contribution
55,56

 accounting for ca. 10 % of the total Cu, 

in agreement with the deconvolution of the Cu 2p region.  
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The S 2p XPS spectrum displayed two well-defined doublets at 162.2 eV (S 2p3/2) and 169.1 eV 

(S 2p3/2) that were assigned to lattice S in Cu2S and to sulfate species arising from the surface 

oxidation of the material, respectively.
54,57–62

 Sulfates accounted for ca. 14 % of the total amount 

of sulfur detected.  

 

 

Figure 1. (a) XRD patterns of Cu(OH)2/CM and Cu2S/CM. (b,c) SEM images of (b) Cu(OH)2/CM and (c) 

Cu2S/CM. (d) TEM and HRTEM micrographs of a Cu2S NW. From the crystalline domain displayed, the 

Cu2S lattice fringe distances were measured to be 0.236 nm, 0.296 nm, 0.342 nm and 0.311 nm, at 18.65º, 

45.93º and 72.42º, which was interpreted as the hexagonal Cu2S phase visualized along its [-12-10] zone 

axis. (e) STEM micrograph and EELS chemical composition maps obtained from the red squared area of 
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the STEM micrograph: Individual Cu L2,3-edges at 931 eV (red) and S L2,3-edges at 165 eV (green) as 

well as its composite. (f) Cu 2p, Cu LMM and S 2p regions of the XPS spectrum of Cu2S/CM. 

Cu2S/CM electrodes were cycled in the potential range 0-0.8 V vs. Hg/HgO at scan rate of 100 

mV/s while immersed in a 1 M KOH electrolyte solution. During the initial 50 CV cycles, a 

drastic change of electrochemical performance was observed (Figure 2a). The first several CVs 

provided a relatively linear dependence of the current density with the applied potential. This 

current density rapidly decreased with the cycle number, pointing at an intense chemical 

transformation of the working electrode. After 150 cycles, the electrochemical response was 

stabilized (Figure 2b, S3a-b). Figure 2c displays a series of quasi-stationary CVs measured at a 

slow scan rate of 5 mV/s on the initial Cu2S/CM and after 50, 100 and 200 CV cycles 

(Cu2S/CM_50CVs; Cu2S/CM_100CVs; Cu2S/CM_200CVs). High oxidation currents were 

obtained from the initial Cu2S/CM electrodes and only after ca. 100 CV cycles a conventional 

and stable OER curve was measured (Figure 2c,d).  

 

Figure 2. (a,b) Multiple CVs of Cu2S/CM: (a) 1-50 cycles; (b) 51-100 cycles; (c) 101-150 cycles. Scan 

rate: 100 mV/s. (c,d) Quasi-stationary polarization CVs obtained at 5 mV/s of Cu2S/CM: (c) after 
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different activation CVs at 100 mV/s, and (d) after 200 CVs at 100 mV/s and before/after 

chronopotentiometry measurement at a geometric current density of 10 mA/cm
2
 for 10000 s. Scan rate: 5 

mV/s. 

SEM analysis of Cu2S/CM electrodes showed the initial Cu2S NWs to develop thin nanofibers 

that interconnected into networks after 50 CVs (Figure 3a-b). After 100 CVs nanofibers had 

grouped into bundles, which evolved again into nanoflake-based NWs as cycling continued 

(Figure 3c-d). Final stable NWs obtained after ca. 150 CVs were slightly thicker than the initial 

ones, ca.  400 nm, conserved a similar length, ca.  15 m, and were composed of slightly larger 

nanoflakes (ca.  150 nm in diameter, ca.  10 nm in thickness) that grouped less compactly than in 

the original Cu2S NWs, thus providing a more porous NW structure.  

XRD analysis demonstrated the initial Cu2S to be transformed into Cu(OH)2 after 50 CVs, and 

to have evolved to CuO after 200 CVs at 100 mV/s (Figure 3e). To track the composition 

evolution in more detail, in-situ Raman spectroscopy was performed on freshly prepared 

Cu2S/CM samples after 10, 20, 50, 100, and 200 CVs at 100 mV/s. As shown in Figure 3f, the 

initial Cu2S/CM exhibited two characteristic Raman peaks at 266 cm
–1

 (Cu–S bond)
63,64

 and 472 

cm
–1

 (S–S bond),
63,64

 that corresponded to Cu2S. A similar spectrum was obtained after 10 CVs. 

After 20 CVs, the intensity of the main peak at 472 cm
–1 

dramatically decreased and new peaks 

appeared. After 50 CVs, Raman spectra evidenced the presence of Cu(OH)2, with two 

characteristic peaks at 290 cm
-1 

 and 488 cm
-1

.
65

 An additional weak peak at 633 cm
-1

 could be 

assigned to the presence of a copper oxide phase.
65

 After extensive cycling, the initial Cu2S/CM 

had completely transformed to CuO, which displayed three characteristic Raman peaks at 290 

cm
-1

 (Cu–O bond, Ag phonon mode),
65

 340 cm
-1

 (Cu–O bond, B1g phonon mode),
65,66

 and 623 

cm
–1

 (Cu–O bond, B2g phonon mode).
65,66
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Figure 3. (a-d) SEM micrographs of as-prepared Cu2S/CM after different numbers of CVs at a scan rate 

of 100 mV/s: (a) initial; (b) after 50 CVs; (c) after 100 CVs; (d) after 200 CVs. (e) XRD patterns of as-

prepared Cu2S/CM and after a different number of CVs at a scan rate of 100 mV/s. (f) In-situ Raman 

spectra of as-prepared Cu2S/CM and after 10, 20, 50, 100, and 200 CVs at 100 mV/s. 
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after the two steps. The measured shift of the Cu 2p doublet to higher binding energies, from 

932.7 eV to 933.6 eV (Cu 2p3/2), was associated to the Cu
+
 to Cu

2+
 oxidation (Figure 4e). 

According to XPS analysis (Figure 4e, Table S1), the initial Cu2S/CM sample contained 90 % of 

Cu2S and 10 % CuO ascribed to surface oxidation as aforementioned. This composition changed 

to 70 % Cu(OH)2, 18 % CuO and 12 % Cu2S after 50 CVs and to 100 % CuO after additional 

operation at 10 mA/cm
2
 for 10000 s. Besides, the S 2p peak intensity decreased drastically after 

operation at 10 mA/cm
2
 for 10000 s, corroborating the chemical transformation of the sulfide to 

an oxide. Interestingly, small amounts of S remained after long term operation, ca. 10 % with 

respect to Cu, with a relative amount of sulfate significantly increasing, up to a 70 % of the total 

detected sulfur.
45,62
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Figure 4. (a) XRD patterns and (b-d) SEM images of fresh Cu2S/CM, after 50 CVs (Cu2S/CM_50CVs), 

and after additional operation at 10 mA for 10000s (Cu2S/CM_50CVs_10mA). (e) Normalized Cu 2p 

region and S 2p region of the XPS spectra of Cu2S/CM, Cu2S/CM_50CVs and Cu2S/CM_50CVs_10mA 

samples.  

  EELS compositional maps showed a homogeneous distribution of Cu and oxygen throughout 

the grown nanostructures (Figure 5a,c). Additional HRTEM characterization further confirmed 

the formation of Cu(OH)2 after 50 CVs, with the additional presence of CuO and Cu2O minor 

phases (Figure 5b and S4). We associated the appearance of Cu2O herein to the reduction of CuO 

under the electron beam, consistently with previous reports.
67
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CuxO after long-term operation at 10 mA/cm
2
. HRTEM characterization identified the CuxO 

phase as CuO (Figure 5d), which matched well with results obtained by XRD.  

  

Figure 5. (a) EELS chemical composition maps obtained from the red squared area in the STEM 

micrograph of Cu2S/CM_50CVs. Individual Cu L2,3-edges at 931 eV (red) and O K-edges at 532 eV 

(green) as well as their composites of Cu-O. (b) HRTEM micrograph of a Cu2S/CM_50CVs NW, detail 

of the orange squared region and its corresponding power spectrum visualized along its [110] zone axis. 

(c) EELS chemical composition maps obtained from the red squared area in the STEM micrograph of 

Cu2S/CM_50CVs_10mA. Individual Cu L2,3-edges at 931 eV (red) and O K-edge at 532 eV (green) as 

well as its composite. (d) HRTEM micrograph of a Cu2S/CM_50CVs_10mA NW, detail of the orange 

squared region and its corresponding power spectrum visualized along its [011] zone axis. 

A fresh Cu2S/CM was operated in a 1M KOH solution at 10 mA/cm
2
 for 10000 s without CV 

preconditioning (Figure 6). Chronopotentiometry curves (Figure 6a) showed the potential 

required to maintain 10 mA/cm
2
 to increase drastically during the initial ca. 2000 s, and to stay 

stable at longer operation times. Initially, no bubbles evolved from the working electrode. 

However, distinct bubbles started to appear after ca. 2000 s. During this time, the initial black 

CM surface changed to slightly green, which we attributed to the formation of Cu(OH)2, to later 

become black again. XRD analysis showed the final material to consist in CuO (Figure S5a). 

SEM analysis showed the final surface to consist on flaked NWs as those obtained after cycling, 
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but presenting more cracks than when the electrode was pre-cycled (Figure S5b-c). After 10000 s 

operation, CuO/CM was cycled at 5 mV/s, showing an overpotential of 378 mV (corrected = 336 

mV)  when delivering a geometric current density of 10 mA/cm
2
 (Figure 6b).  

According to previous reports, the Cu
2+

-Cu
3+

 redox is at the basis of the OER mechanism on 

CuO/CM electrodes, being Cu
3+

 species the catalytically active sites for oxygen evolution.
68–70

 

The cathodic peak at ca. 1.52 V (0.59 V vs. Hg/HgO) obtained on the OER curve of Cu2S-

derived CuO/CM (Figure 6b), was attributed to the reduction of Cu
3+

 to Cu
2+

.
68–70

 The anodic 

peak corresponding to the oxidation of Cu
2+

/Cu
3+

 that should appear at ca. 0.7 V vs. Hg/HgO
70

 

was not visible in our CVs due to its overlap with the high OER current density. The following 

mechanism, involving the intermediates OH, OOH, O and O2 adsorbed on an active site M, was 

proposed for OER in CuO: 
68,71

 

                       M + OH
-
 → M-OH + e

-
    

                       M-OH + OH
-
 → M-O + H2O + e

-
  

                       M-O + OH
-
 → M-OOH + e

-
 

                       M-OOH + OH
-
 → M-OO + H2O + e

-
 

                       M-OO → M + O2 

The generation of M-OH or M-OOH is the crucial step in the formation of O2 and in the 

extensive oxidation of Cu2S to Cu(OH)2 and CuO. Being CuO more thermodynamically stable 

than Cu(OH)2, Ksp is 10
-20.36

 vs. 10
-19.34

,
72

  CuO/CM is the final composition after relatively long 

operation of Cu2S/CM under OER conditions. 
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Figure 6. (a) Chronopotentiometry curve of Cu2S/CM at a geometric current density of 10 mA/cm
2
 in 1 

M KOH. No CV preconditioning was performed on this sample. (b) Quasi-stationary OER polarization 

CV at a scan rate of 5 mV/s of Cu2S/CM after 10000 s at 10 mA. (c) Video frames of a Cu2S/CM working 

electrode showing the evolution or not of bubbles at different times during OER operation.  

To compare the OER performance of Cu2S-derived CuO/CM, additional Cu(OH)2/CM were 

produced by oxidizing CM in a NaOH/APS solution, and additional CuO/CM electrodes were 

obtained by annealing Cu(OH)2/CM under argon (CuO/CM_AN, see experimental section for 

details). Cu(OH)2/CM layers directly obtained from the immersion of CM into a NaOH/APS 

solution contained free standing faceted NWs as described above. The morphology of these 

Cu(OH)2 was preserved for several dozens of CVs, but cracks appeared after additional CVs 

(Figure S6). XRD analysis showed Cu(OH)2 NWs to partially transform into CuO after 150 CVs 

(Figure S7). Notice the conversion of Cu(OH)2 NWs directly grown of the surface of CM was 

much slower than that of Cu(OH)2 NWs derived from Cu2S NWs. We associate this 

experimental result to the much better crystallinity of the former and to the low concentration of 

grain boundaries in Cu(OH)2 NWs directly grown from CM. Besides, CuO/CM_AN electrodes 

displayed the presence of smooth NWs (Figure S8a), which appeared attached together after 50 
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CVs (Figure S8b). After additional cycles, CuO NWs started to break, and after long term 

chronopotentiometric measurements they detached from CM (Figure S8c-d). It should be noticed 

that directly formed Cu(OH)2/CM and CuO/CM_AN electrodes did not display the same 

dramatic evolution of the CVs obtained for Cu2S/CM during the first several cycles (Figures S9-

10).  

Figure 7a displays quasi-stationary polarization CV curves from CM and from directly 

obtained Cu(OH)2/CM_100 CVs, CuO/CM-AN_100 CVs, and Cu2S-derived CuO/CM_200 CVs 

at a scan rate of 5 mV/s. Bare CM showed very poor activity toward OER, requiring an 

overpotential of 526 mV to deliver a geometric current density of 10 mA/cm
2
. Cu2S-derived 

CuO/CM required 380 mV (corrected = 338 mV) to reach 10 mA/cm
2
, well below the 

overpotential required by Cu(OH)2/CM_100 CVs (484 mV) and CuO/CM_100 CVs (441 

mV). Cu2S-derived CuO/CM electrodes also displayed much lower Tafel slopes, 96 mV/dec, 

than the other electrodes measured (Figure 7b-c), suggesting a more favorable OER kinetics. 

ECSA and EIS measurements were carried out to further understand the improved OER 

activity of Cu2S-derived CuO/CM electrodes. The relative ECSA was estimated through 

measurement of the double-layer capacitances (Cdl) at the solid/liquid interface.
73

 Since the 

current density is only ascribed to the charging of the double layer in the non-Faradaic region, 

CVs with different scan rates (10 mV/s-150 mV/s) were obtained in the region of 1.22-1.32 V 

(vs. RHE), and the non-Faradaic capacitive current density (ic) was determined by the interval 

(ΔJ) between anodic and cathodic current density calculated from Figure S11. Cdl values for 

Cu2S/CM_100CVs and CuO/CM-AN_100 CVs, calculated using ic=ΔJ/2 = ×Cdl, were 93 and 

47 mF/cm
2
, respectively. This result suggested a much higher surface roughness for Cu2S-

derived CuO/CMs than directly obtained CuO/CM-AN (Figures S11 and 7d). 

Nyquist plots of the impedance response measured at 0.68 V vs. Hg/HgO of 

Cu2S/CM_200CVs and CuO/CM-AN_100CVs are shown in Figure 7e. Qualitatively speaking, 

Cu2S/CM_200CVs exhibited a smaller semicircle radius compared with that of CuO/CM-

AN_100CVs, indicating a smaller charge transfer resistance.
74,75

 Impedance responses were 

fitted with an equivalent circuit  containing a series resistance 𝑅𝑆, a charge transfer resistance 𝑅𝑐𝑡, 

and a constant phase element CPE (Figure 7e, inset).
74,76

 Fitting results unambiguously revealed 
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a clearly enhanced charge transfer process on Cu2S/CM_200CVs, with a 𝑅𝑐𝑡 of 146 , than on 

CuO/CM-AN_100CVs, with an order of magnitude higher 𝑅𝑐𝑡, 1288 . 

As shown in Figure 7f, the overpotential required by Cu2S-derived CuO/CM electrodes to 

deliver a geometric current density of 10 mA/cm
2
 remained unchanged after 10000 s. Besides, 

no obvious change on CV behavior occurred after long-term stability test (Figure 2d), indicating 

remarkable stable electrochemical activity toward OER. On the other hand, the overpotential of 

Cu(OH)2/CM_100CVs electrode clearly increased from the very beginning of the durability test, 

manifesting a moderate stability for water electrolysis. As for the CuO/CM-AN_100CVs 

electrode, it showed a good stability in the initial ca. 2000 s, but after this time period, the 

overpotential strongly increased, which we associated with the detachment of CuO from the CM 

(Figure S8d). 

 

Figure 7. Electrocatalytic measurements of OER activity of CV activated Cu(OH)2/CM_100CVs (Black 

line), CuO/CM-AN_100CVs (Red line) and Cu2S/CM_200CVs (Blue line) in 1.0 M KOH. (a) Quasi-

stationary OER polarization CV curves (scan rate: 5 mV/s, without iR corrected). (b) OER catalytic 

activity diagram. (c) Tafel slope. (d) Capacitive current densities at 1.27 V vs. RHE as a function of scan 

rate of CuO/CM-AN_100CVs and Cu2S/CM_200CVs. (e) Nyquist plots of CuO/CM-AN_100CVs and 

Cu2S/CM_200CVs with corresponding fitting curves and equivalent circuit. (f) Chronopotentiometric 

curves at constant current density of 10mA/cm
2
. Cu2S/CM_200CVs can be also named as CuO/CM-EOT 

herein based on the discussion. Electrolyte: 1 M KOH. 
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     To improve the catalytic performance of Cu2S-derived CuO/CM, the CM was replaced by a 

CF, which provided a larger surface area. CV curves measured from Cu2S/CF displayed a similar 

evolution in the first several cycles, indicating the transition from Cu2S/CF to CuO/CF via 

Cu(OH)2/CF intermediate (Figure S12). This result was confirmed by XRD and SEM analysis 

that displayed a similar structural and morphological evolution as that described for Cu2S/CM 

(Figures 8a,d and S13). OER performance was improved after CV activation, reaching an 

overpotential down to 328 mV (corrected = 286 mV) to deliver a geometric current density of 10 

mA/cm
2
, and a Tafel slope of 87 mV/dec (Figure 8b). A remarkable durability for 16 h was also 

measured (Figure 8c and inset). These results place Cu2S-derived CuO/CF among the best Cu-

based OER catalysts, with even better performance than numerous nickel/cobalt-based catalysts 

previously reported (Table S2).  

This high performance was associated to several advantages of the Cu2S-derived 

electrocatalyst, namely: a) Improved adhesion of the active layer to copper when mediating an 

intermediate sulfurization step; b) Increased surface area associated with the nanostructuration of 

the NWs; c) Lower charge transfer resistance associated with the higher surface area and the 

larger density or higher activity of the newly formed catalytic sites; d) the presence of additional 

catalytic sites. In this last direction, recent reports indicated that in metal sulfides, oxidized S 

species can remain on the surface for a long period of time and are favorable for OER catalytic 

activity by tuning the adsorption free energy of the reaction intermediates on the metal sites.
45–48
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Figure 8. (a) SEM images of Cu2S/CF before electrochemical tests. (b) Quasi-stationary OER polarization CV 

curves (scan rate: 5 mV/s, without iR correction) of Cu2S/CF after different CV activation cycles. (c) Long term 

chronopotentiometric curve at constant current density of 10mA/cm
2
 for 16 h; Inset photograph shows oxygen 

bubbles evolving from the working electrode during OER (see SI-Video_5 for more details). Inset graph shows the 

quasi-stationary OER polarization CV before and after chronopotentiometry. (d) SEM images of transformed 

CuO/CF-EOT after chronopotentiometry. 

 

4. CONCLUSIONS 
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sulphate ions that may act as catalytic active centers. We believe this work provides insights for 

the fabrication of more effective metal oxide OER catalysts using a simple electrochemical 

oxidation process. This strategy may be also extended not only to other sulfides and 

chalcogenides, but even to phosphide and nitride catalysts. Additionally, based on these results, 

we suggest the necessity to reconsider the chemical composition and associated OER 

performance of previously reported sulfide OER catalysts in alkaline media. 
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