


The Role of Cu+3 in Oxygen Evolution Activity of Copper-Oxides
Pooja Basera1,2, Yang Zhao3, Angel T. Garcia-Esparza5, Finn Babbe6, Neha Bothra1,2, John Vinson7, Dimosthenis Sokaras5*, Junko Yano8*, Shannon W. Boettcher3,4* and Michal Bajdich2*
Department of Chemical Engineering, Stanford University, Stanford, California 94305, United States
SUNCAT Center for Interface Science and Catalysis and Liquid Sunlight Alliance, SLAC National Accelerator Laboratory, Menlo Park, California 94025, United States
Department of Chemical & Biomolecular Engineering and Department of Chemistry, University of California, Berkeley, and Energy Storage and Distributed Resources Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, United States
Department of Chemistry and Biochemistry and the Oregon Center for Electrochemistry, University of Oregon, Eugene, Oregon 97403, United States
Stanford Synchrotron Radiation Laboratory (SSRL), SLAC National Accelerator Laboratory, Menlo Park, CA 94025, USA.
Liquid Sunlight Alliance, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA.
Material Measurement Laboratory, National Institute of Standards and Technology, Gaithersburg, Maryland 20899, United States of America.
Molecular Biophysics and Integrated Bioimaging Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA.
 
*E-mail: dsokaras@slac.stanford.edu; jyano@lbl.gov; boettcher@berkeley.edu; bajdich@slac.stanford.edu
ABSTRACT 
Cu-based oxides and hydroxides represent an important class of materials from a catalytic and corrosion perspective. In this study, we investigate the formation of bulk and surface Cu+3 species stable under water oxidation catalysis in alkaline media. So far, no direct evidence existed for the presence of hydroxides (CuOOH) or oxides, which were primarily proposed by theory. This work directly places CuOOH in the oxygen evolution reaction (OER) Pourbaix stability region with a calculated free energy of 208.68 kJ/mol, necessitating a revision of known Cu-H2O phase diagrams. We also predict that the active sites of CuOOH for the OER are consistent with a bridge O* site between the two Cu+3 atoms with onset at ≥1.6 V vs. the reversible hydrogen electrode (RHE), aligning with experimentally observed Cu+2/+3 oxidation waves in cyclic voltammetry of Fe-free and Fe-spiked copper in alkaline media. Trace amount of Fe (2 µg/mL (ppm) to 5 µg/mL) in the solution measurably enhances OER catalytic activity, likely due to the absorption of Fe species that serve as OER surface active sites. Importantly, near-surface sensitive modulation excitation X-ray absorption spectroscopy of a Cu thin-film electrode shows distinct Cu+3 fingerprint under OER conditions at 1.8 V vs. RHE. Additionally, in-situ Raman spectroscopy of polycrystalline Cu in 0.1 mol/L (M) KOH revealed features consistent with those calculated for CuOOH in addition to CuO. Overall, this work provides direct evidence of bulk electrochemical Cu+3 species under OER conditions and expands our longstanding understanding of the oxidation mechanism and catalytic activity of copper.
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INTRODUCTION
Electrochemical splitting of water offers an appealing method for carbon emission-free hydrogen production, particularly when driven by solar energy1,2. The process involves two crucial steps: the evolution of oxygen (O2) and the evolution of hydrogen (H2). However, the water oxidation half-reaction, known as the oxygen evolution reaction (OER), faces challenges due to catalysts’ high overpotentials and low stability under harsh oxidizing conditions3. Moreover, for practical considerations, it is imperative that the catalyst is composed of earth abundant materials with reasonable operational stability4.  Previous work showed that a hydroxide of Fe, Co, and Ni metals offer relatively good activity in alkaline media3,5–10. Notably, mixed Ni-Fe and Co-Fe compounds have emerged as promising OER catalysts, where Fe’s role in NiOOH and CoOOH has been extensively documented10–13.2024915. In the 3d series, Cu received considerably less attention due to its lower activity, but there is growing interest in utilizing copper-based materials as catalysts for the OER. Various forms of copper, such as crystalline copper nanoparticles14,15, Cu2O nanoparticles16, Cu/(Cu(OH)2−CuO) core/shell nanorods arrays17, nanostructured copper oxide films18, and Cu nanocomposites19, have demonstrated activity and stability in promoting the OER. Certain CuOx materials demonstrate overpotentials comparable to other earth-abundant OER catalysts at solar flux rates of 10 mA/cm2 (rough overpotential activation  values, uncorrected for differences in loading and surface area: CuO = 290 mV, NiFe oxides11,20 = 300 mV, FeCoW oxy-hydroxides21 = 191 mV, and CoMnP22 = 330 mV). Notably, copper is not listed as a critical material by the US Geological Survey23, unlike cobalt, nickel, manganese, and tungsten. Low overpotentials of CuOx-based materials, along with their abundance, motivate us to computationally explore copper-based OER catalysts, and the active oxidation state of Cu under OER operation conditions. 
In the early twentieth century, the oxidation state of Cu under OER conditions was suggested to be Cu+3 species as initially proposed by Müller24 and Miller25. On the other hand, Hickling26 and El Wakkad27 showed no evidence of any oxide higher than cupric oxide before OER using the oscillographic method26. Later, Shams El Din28 and Abd El Haleem29 suggested the formation of the higher oxide proposed earlier by Müller only on the basis of cyclic voltammetry (CV) and chronopotentiometry. Then, CuOOH was hypothesized as the formed stoichiometry by Fleischmann et al.30 This assignment was again invoked to explain via rotating ring-disk CV and chronoamperometry by Xie et al.31 and Marioli et al.32, the resulting reactivity of Cu+3 species. Pourbaix proposed that at this anodic potential, the Cu+3 would exist as hydrous Cu2O3 with a Gibbs free energy () of -205.3 kJ/mol33. Moreover, the Cu+3 existence and its role during the  OER, particularly Cu2O3, remains uncertain, although crude alkali cation oxocuprates(III) react with water to evolve O234. Taken together, the literature indicates that O2 evolution occurs on the Cu anode at ≥1.6 V vs. the reversible hydrogen electrode (RHE) concomitant with the formation of Cu+3 species (Cu2O335, CuOOH36,37, or CuO2−)38, but none are fully experimentally confirmed.      
The local structure of Cu+3 in these oxides/oxyhydroxides also remains unclear, partly due to the dynamic nature of catalytic surfaces and the limitations of characterization techniques with appropriate sensitivity. In particular, surface-sensitive techniques, such as in-situ Raman or XPS39, have challenges to identify metastable species under actual working OER conditions due to the limited pH-potential electrochemical stability window of Cu. For example, operando Raman spectroscopy was employed to examine the Cu structure during OER conditions by Yeo et al.40. The researchers associated Cu+3 with OER activity, proposing a direct correlation between OER current and a Cu+3 Raman band. They suggest a resemblance to NaCuO2, likely adopting a CuO2−  structure. While arguing the presence of Cu+3 species during OER catalysis, neither this work nor other studies have identified the local electronic structure of the Cu+3.
Recently, Janik et al.41 compared calculated Raman-active vibrational modes of Cu+2/Cu+3 containing known compounds to data from operando Raman experiments. They proposed that Cu+3 species likely exist as surface-adsorbed hydroxides on CuO surfaces (CuO-OH*, when OH is adsorbed) based on the theory-corrected Raman frequencies. However, no direct role of such CuO-OH* in the OER mechanism was discussed. Bulk CuOOH species could not be ruled out based on the limited Raman signal, and the Pourbaix stabilities of these phases were not considered. Therefore, there is ambiguity regarding which one serves as the active OER catalyst, either bulk CuOOH or CuO-OH*. Related studies on CuOOH by Yeo et al.40 and Janik et al.41 highlight critical details that merit further discussion. First, the bulk structure containing Cu+3 is not fully refined computationally. Therefore, determining the coordination and electronic structure of Cu+3 such as the primitive cell, magnetic moment, and geometry using the appropriate Hubbard-U parameters is crucial for designing efficient Cu-based catalysts for OER applications. Second, Cu+3 has not been positioned on a Pourbaix diagram42, and further research is warranted to revise it with known OER-active catalysts such as the putative CuOOH. Ultimately, as multiple active sites are present on the surface of this system under OER, a detailed investigation of its OER activity is desirable. 
The oxidation state and surface morphology of Cu are key factors influencing catalytic performance. Cu+3 species is also known to play a crucial role in biomass upgrading43 and glucose-sensing applications31,32,35,36 indicating its potential benefits for multiple fields44. Recent studies demonstrate that Cu-based catalysts enhance aldehyde oxidation, carbon–carbon cleavage, and HMF-to-FDCA conversion, achieving high efficiency while suppressing competing reactions45,46. Additionally, Cu+3 has been identified as an active oxidant in single-atom catalysts, promoting selective pollutant degradation through persulfate activation47. Moreover, coordination chemistry of high-valent Cu+3 complexes enables C-C and C–heteroatom bond formation, cross-coupling, and C–H functionalization, thereby broadening general interests in high valence copper’s catalytic applications48–50.
In this work, we re-evaluate the existence of bulk and surface OER active CuOOH phases. First, we address the lack of experimental bulk thermodynamic values and the complex electronic structure of Cu-oxides by fitting Hubbard-U corrected density functional theory (DFT). Using the optimized U value, we conduct a polymorph search for the CuOOH phases which leads to a revised calculated Pourbaix diagram of Cu. Next, we perform cyclic voltammetry (CV) measurements on Cu electrodes in both Fe-free and Fe-spiked alkaline media. We further investigate the OER activity of CuOOH, Fe/CuOOH and CuOx surfaces on different facets and active sites. Finally, we employ a novel modulation excitation X-ray absorption spectroscopy (ME-XAS) method and operando electrochemical Raman spectroscopy to identify signature signals of Cu+3 during water oxidation which are compared to computational spectra. We conclude with discussion of the evidence for the case of electrochemical CuOOH. 
METHODS
Theoretical methods
Electronic structure calculations. Density functional theory (DFT) calculations were performed using GGA-DFT with Hubbard-U51,52 correction, as implemented within the Vienna Ab-initio Simulation Package (VASP)53 and the atomic simulation environment (ASE)54. Projector-augmented wave potentials were employed to replace the inner cores of the atoms with all-electron, frozen cores. The Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional was used to account for exchange and correlation effects55. The calculations were carried out on a Monkhorst-Pack grid centered around the Γ-point. The energy convergence threshold for the relaxation of energies was set to 10-5 eV, ensuring the accuracy of the results. Furthermore, atomic forces were converged to 0.01 eV/Å for stable atomic positions. To capture the semiconducting behavior of the partially occupied Cu d-band, an effective Hubbard-U (Ueff)52 value was applied and varied from 0 eV to 7 eV to the Cu 3d-electrons (vide infra). 
Bulk energetics of Cu-oxides from optimized Hubbard-U. PBE functionals often exhibit significant inaccuracies in predicting the formation energies of Cu oxides, consistent with prior research on transition metal oxides56,57. DFT errors usually cancel out when evaluating a relative energy of compounds with similar electronic structure. However, challenges arise when comparing compounds with different oxidation states and/or metals with semiconductors and insulators56,57. In this study, Cu ions in the +1 and +2 oxidation states were incorporated, including those in Cu2O, CuO, Cu(OH)2, Cu2CO3(OH)2, and Cu3(CO3)2(OH)2. Adding Hubbard-U to DFT is often necessary to correct these issues as formation energies of CuOx exhibit a persistent mean absolute error of over 100 meV/Cu atom without this correction (vide infra).   

To address self-interaction errors and overall energetics, a fitting approach is employed to determine an effective Hubbard-U (Ueff) value using a calibration set of Cu oxides as shown in Figure 1. The formation enthalpy parity plot against experimental values for Cu oxides with various U values using the PBE functional is shown in Figure 1a. Notably, finding a single Ueff that perfectly reproduces the energetics of all Cu oxides concurrently proves elusive. Specifically, the computed energies of small bandgap semiconductors with high covalency, such as CuO, increase with increasing Ueff. However, materials with greater ionic character, like Cu(OH)2, show decreasing energy with increasing Ueff. This trend is also evident in copper carbonate minerals (Figure 1a). Previous study58 has found that the efforts to determine the U value through linear response in non-magnetic oxides, characterized by nearly full or empty d-orbitals like Cu2O, have often proven unsuccessful. To minimize errors, the Hubbard U value is optimized across the entire calibration, reaching Ueff = 4.5 eV and resulting in mean absolute errors of 21.5 meV/Cu as shown in Figure 1b. The optimized U value of 4.50 eV (Figure 1) was used throughout this work. To reduce errors due to incomplete cancellation of self-interaction effects, we standardized Cu metal energy using an average value from five experimental formation energy reactions (equations S1-S5). All details such as bulk/surface properties, bulk/surface Pourbaix, OER overpotential and Raman spectra calculations are provided in SI under section theoretical methods. Figure 1. DFT energy correction scheme has been developed to ensure precise Cu formation enthalpies. (a) Comparison between calculated formation enthalpies and experimental data as a function of the Hubbard-U value. (b) Combined Mean absolute errors across the dataset as a function of U-value.  Notably, a high mean absolute error (MAE) is observed at U=0 eV with PBE functional, highlighting the necessity of Hubbard-U corrections. Throughout this work, we adopt PBE+U with an optimized U value of 4.50 eV. 

Experimental methods
Chemicals and electrolytes. KCl (99.0 %−100.5 % ACS) was obtained from Fisher Scientific. KOH (>85.0 %, semiconductor grade, 99.99 % trace metals basis) and KHCO3 (≥99.95 % trace metals basis) was obtained from Millipore Sigma. Fe(NO3)3·9H2O (≥99.999 % trace metal basis) and Ni(NO3)2·6H2O (99.999 % trace metal basis) were obtained from Sigma Aldrich. Ultrapure water (18.2 MΩ·cm) was used for all experiments. Purified “Fe-free” KOH electrolytes (Fe <10 1ng/mL (ppb))59 were prepared for electrochemical measurements following previously reported protocol and confirmed to be Fe-free following established protocol (see details in SI) 60,61. 
Electrochemical measurement. All electrochemical studies were performed at room temperature in an open-to-atmosphere setup. CV were conducted using a potentiostat (Bio-Logic SP300 or SP200) in a standard three-electrode configuration. A Hg/HgO/1 mol/L (M) KOH (CHI152) reference electrode was used throughout this work. The reported potential values vs. RHE were determined by calibrating the potential difference between the Hg/HgO reference electrode and a hydrogen reference electrode (Biologic, Hg-free, HydroFlex®) for each specific electrolyte. A pre-cleaned Pt coil, treated with aqua regia and rinsed thoroughly with water, served as the counter electrode. All measurements were conducted in PPCO (Nalgene™) cells, which were soaked in 1M H2SO4 overnight and then rinsed with water to remove any potential Fe impurities. 
Copper foil (99.999 %, trace-metals basis, 0.1 mm thick) was obtained from BeanTown Chemical (BTC) and dry polished with 3M sandpaper (2500-grit). The polished copper foil was then sonicated in 1 M KOH for 10 min. The working electrode, with a geometric surface area of 1 cm2, was oriented such that only one side of the foil was exposed to the electrolyte, while the backside was covered with inert parafilm. This configuration was used for ease in conducting stirring experiments, where a magnetic stir bar was positioned near the center of the exposed Cu surface to ensure consistent and effective mechanical stirring. All data reported in this study were normalized to the geometric surface area. 
The ohmic drop (R) between the working and reference electrodes was quantified using electrochemical impedance spectroscopy (EIS) by applying a 5 mV voltage perturbation across a frequency range of 1 MHz to 10 Hz at the open-circuit potential to determine the high-frequency series resistance. The iR-corrected potential was subsequently calculated during data processing. Unless otherwise specified, CV data presented in this study corresponds to the 5th cycle.
Operando electrochemical Raman experiments. Raman measurements were conducted in a custom-made Teflon Raman cell. The scan rate was 1 mV/s, starting at −500 mV vs Hg/HgO and sweeping up to +1 V vs. Hg/HgO, with no stirring applied during the Raman measurements. The reference electrode (RE) and counter electrode (CE) were identical to those used in the three-electrode setup described above.
For operando Raman experiments, the Cu foil was subjected to a roughening procedure as outlined in previous reports41,62, to enhance Raman signal quality through surface-enhanced Raman scattering (SERS) from nanostructured surfaces. Briefly, prior to the operando measurements, the polished and sonicated Cu foil was electrochemically roughened in 0.1 M KCl by applying a series of potential steps: −0.5 V vs. Hg/HgO for 15 s, +0.3 V vs. Hg/HgO for 4 s, and +0.5 V vs. Hg/HgO for 60 s. After each cycle, the cell was allowed to rest for 5 s at the open-circuit potential before starting the next cycle. Following the roughening process, the foil was rinsed with water, dried with N2, and prepared for Raman experiments.
Raman spectroscopy was conducted using a Horiba LabRam HR system equipped with a 633 nm laser and a 50x objective lens, employing a 600 line/mm grating. To reduce bubble interference on Raman signal in the OER region, 0.1 M Fe-free KOH was used as the electrolyte. Each operando Raman spectrum represents an average of five spectra, each collected for 10 seconds, at a laser power of 8 mW. No smoothing, baselines corrections, or other data manipulations were applied, except where noted in figure captions, where the three spectra recorded at the highest potentials were amplified fivefold for direct comparison. The instrument was calibrated using the Si mode at 520.5 cm-1.
Modulation excitation X-ray absorption spectroscopy (ME-XAS).  The Cu thin-film electrodes (100 nm) were deposited using a quartz crystal microbalance for growth control with e-beam evaporation on Ti-coated (5 nm) Si3N4 X-ray membranes (1 mm). A 100 mM KHCO3 electrolyte was utilized for the ME-XAS experiments. The electrolyte was saturated with Ar gas before and during the experiments. The electrochemistry and X-ray absorption spectroscopy (XAS) was conducted using a SP-200 potentiostat from Biologic using an in-house designed air-tight electrochemical flow cell (PEEK). A Pt foil served as the counter electrode, and a reversible hydrogen electrode (HydroFlex) as the reference electrode. The flow rate of the electrochemical cell was controlled to 10 ml/min using a peristaltic pump. Before the ME-XAS, the working electrode was subject to a cathodic pre-treatment by CV under a cathodically protected potential window between −0.7 V and +0.2 V vs. RHE. Then, the potential window was expanded to anodic conditions larger than the water oxidation potential for the OER and the CV characterization of the electrode was obtained (Figure S4).
For ME-XAS, the applied potential was modulated at 13 Hz between −0.4 V and +1.8 V vs. RHE to study and isolate the early formation of oxidized Cu species within 38 ms of the anodic polarization. The modulated potential was controlled using a square function generated using a function generator as a trigger to synchronize the potentiostat and the spectral collection at the beam line. At each incident energy along the Cu K-edge, the fluorescence signal of Cu was recorded to probe the oxidation state of the Cu surface under water oxidation conditions while minimizing material loss. The Cu K-edge XAS was collected at beamline 15-2 of the Stanford Synchrotron Radiation Lightsource (SSRL).  Further details are provided in the SI.

3 RESULTS AND DISCUSSION
3.1 Revised Pourbaix diagram of Cu-H2O featuring the CuOOH phases.
Figure 2. Pourbaix diagrams for bulk phases based on (a) the experimental Gibbs free energies of solid compounds (b) the calculated Gibbs free energies. The corresponding free energy values are listed in Table1. The concentration of Cu ions was held constant at 10-6 mol·kg-1. Optimized geometries and Gibbs free energies for bulk-CuOOH polymorphs (c) β-CuOOH (Cmc21) (d) γ-CuOOH (Pmn21) (e) δ-CuOOH (C2/m).


In the introduction, we emphasized the importance of understanding the Cu+3 species under anodic conditions. Several possibilities exist, including NaCuO2, which likely adopts a CuO2−-form,  Cu2O3, CuO-OH* or CuOOH. However, the precise bulk energetics have not been fully established. Pourbaix proposed Cu+3 would exist as hydrous Cu2O3 with a  of -205.3 kJ/mol33. However, our findings suggest that bulk CuOOH has a of roughly -208.68 kJ/mol, implying the possible presence of Cu+3 in the form of bulk CuOOH. These values of CuOOH, along with the free energy of other solid compounds listed in Table 1, were used to construct both experimental and calculated Pourbaix diagrams (Figures 2a,b). A Pourbaix diagram shows the landscape of the most thermodynamically stable (minimum Gibbs free formation energy) bulk phase of an element in an aqueous environment as function of pH and potential. The theoretically determined boundaries (Figure 2b) align well with the experimental Pourbaix diagram shown in Figure 2a, but now feature the newly calculated CuOOH phases. 

Table 1.   Standard thermodynamic properties of the Cu-H2O system at 25 °C and 100 kPa (1 bar) for a Cu concentration of 10-6 M. Both experimental and calculated values are presented in the table. The symbol † indicates that Pourbaix value for hydrated Cu2O333. This corresponds to estimate of the bulk CuOOH energy (-205.3 kJ·mol-1) at half of the value of hydrated Cu2O3 (-410.776 kJ·mol-1)33. The labels NM (non-magnetic) and AFM (anti-ferromagnetic) refer to the atomic spin configurations of Cu. 
	Bulk Systems

	Experimental
(kJ·mol-1)
	           Calculated
(kJ·mol-1)
	Ground state/moment []

	Cu
	0
	0
	

	Cu2O
	-147.8863
	-146.08
	NM, low spin, ~0

	CuO
	-128.2963
	-127.24
	AFM, ~0.6

	Cu(OH)2
	-359.01863
	-355.61
	AFM, ~0.6

	γ-CuOOH 
	
	-208.68
	NM, low spin, ~0

	δ-CuOOH
	
	-207.78
	NM, low spin, ~0

	Cu2O3+H2O (hydr.)    
	-410.77†33
	
	

	CuH
	
	 5464
	          

	CuH2
	
	 13464
	

	CuOH
	
	-160.864
	


 In this work, we explore various crystalline phases of bulk CuOOH, aiming to reveal potential polymorphs and sites, including: i) orthorhombic Cmc21 (β-CuOOH) ii) orthorhombic Pmn21 (γ-CuOOH), iii) monoclinic C2/m (δ-CuOOH). The polyhedral crystal structures are shown in Figures 2c-e. The β-phase exhibits anti-ferromagnetism (AFM) and octahedral building blocks, whereas the γ/δ-phases are non-magnetic (NM) and feature square planar geometry. Note that γ/δ-CuOOH has higher thermodynamic stability compared to the β-phase (see values in Figures 2c-e). Therefore, we include only γ/δ-CuOOH for our further studies. Please note that γ-CuOOH has a simpler unicell and is also marginally more stable than δ-CuOOH. From the Pourbaix diagram, two noteworthy distinctions have been identified. First, the newly unearthed γ/δ-CuOOH phase has been computed as the stable phase under typical OER conditions, specifically at a pH range of 7 to 14 and a potential range of U > 1.23 V to approximately 1.7 V vs. RHE. Second, at HER conditions, Cu hydride phases CuH and CuH2 have been proposed as thermodynamically stable, but their formation is likely limited due to fast HER. 
We next examine the bond lengths of the crystal structures of γ-CuOOH and δ-CuOOH. In γ-CuOOH, the copper center exhibits four short Cu–O bonds (≈1.82 Å for Cu–O and ≈1.87 Å for Cu–OH) and two longer bonds (≈2.77 Å for Cu–O and ≈2.73 Å for Cu–OH). Similarly, in δ-CuOOH, the copper center shows four short Cu–O bonds (≈1.82 Å for Cu–O and ≈1.87 Å for Cu–OH) and two longer bonds (≈2.79 Å for Cu–O and ≈2.76 Å for Cu–OH). The average O-Cu-O bond angle is 89.99°. Notably, covalent bonds longer than 2.5 Å are considered weak or superficial. Therefore, both CuOOH have a square planar geometry in the non-magnetic state, with Cu+3 in a low-spin d8 configuration, aligning with a previous study on high-valent Cu+3 complexes50.
The crystal structure, along with annotated bond lengths and simulated X-ray diffraction (XRD) of β-, γ-, and δ-CuOOH is shown in Figures S2,3, where γ- and δ-phases exhibit similar XRD patterns. The main structural difference between γ- and δ-phases lies in the arrangement of Cu atoms, which are positioned in a zig-zag pattern in the γ-phase, but not in the δ-phase (Figures 2d, e).  Note, that bulk crystal structures of γ-CuOOH (mp-996956)65 and δ-CuOOH (mp-996953)66 from the Materials Project67 have protons in non-equilibrium locations (Table S1). Upon further structural optimization, the bulk primitive cell of γ-CuOOH is more stabilized. However, surface symmetry is disrupted due to the displacement of protons and the subsequent formation of OH bonds. Further, in δ-CuOOH, the proton is positioned equidistantly between two oxygen atoms, resulting in structural instability (Figure S1), as indicated by a large mode with an imaginary frequency. To address this issue, we constructed a large 2×2 supercell slab with six layers, ensuring centro-symmetry and performed full relaxation of the slab. The optimized proton positions were then used to construct the bulk primitive cell of γ/δ-CuOOH, as illustrated in Figure 2c-e. Our revised Pourbaix diagram demonstrates the thermodynamic stability of Cu+3 species as bulk CuOOH above 1.69 V vs. RHE. In the following sections, we discuss experimental electrochemical evidence for the presence of Cu+3 species.
3.2 Redox behavior of Cu in alkaline electrolytes: Cu+3 formation and the influence of Fe impurities and mass transport
Fe species in KOH electrolyte, even at trace levels, play a significant role in enhancing the OER catalytic activity of transition-metal-based catalysts, particularly Ni and Co60,61,68.  The OER activity of Cu foam containing trace Ni is further boosted by the deliberate addition of Fe69. Given that Cu, as a d-block transition metal, is expected to share some characteristic properties with Ni and Co, we used purified Fe-free KOH electrolyte to rigorously investigate the redox behavior of Cu under alkaline conditions70. To examine the influence of Fe on Cu oxides, ppm-level Fe species (added as Fe(NO3)3) were intentionally spiked into the solution.
We first focus on the measurements under quiescent, Fe-free conditions. As shown in Figure 3a  (red curve), cyclic voltammetry (CV) conducted on Cu foil in 1.0 M Fe-free KOH electrolyte revealed various distinct redox peaks between HER and OER regions, consistent with previous reports41,71. The small oxidation wave at 0.5 V vs. RHE corresponds to the Cu0 to Cu+1 (likely in form of Cu2O) transition. The broader oxidative waves at 0.8 V and 0.92 V vs. RHE are associated with Cu+1 to Cu+2 transitions (typically recognized as the formation of a passive layer comprising CuO and Cu(OH)2). The reductive waves at potentials more negative than 0.5 V vs. RHE correspond to the sequential transitions from Cu+2 to Cu+1 and then to Cu0 species. Notably, as shown in Figure 3b, further oxidation beyond Cu+2 to Cu+3 is indicated by the appearance of wave A at higher positive potentials (1.58 V vs. RHE), along with the associated reduction wave B (1.51 V vs. RHE), near the OER region - both of which remain present in the absence of Fe impurities. 
 
[bookmark: _heading=h.gjdgxs]Spiking Fe impurities significantly reduces the overpotential required for OER. This catalytic enhancement increases with higher Fe concentrations, consistent with the known effects of Fe that exhibit higher activity on Ni- and Co-based OER catalysts, where Fe appears to absorb onto the surface of Ni- and Co-based OER catalysts forming FeOx clusters that appear to be the “most-active” species for OER61. In this Cu system, Fe-oxyhydroxide-like species may also absorb onto Cu-O surface, creating Fe-based sites that catalyze the OER. This is evidenced by the reduced peak currents for the formation of CuO/Cu(OH)2 (0.8 V and 0.92 V vs. RHE, Figure 3a). The CuO/Cu(OH)2 is a surface reaction and both are electrical insulators that passivate the surface before further reactions can proceed40. Fe appears unlikely to be incorporated into Cu+3 phases, as indicated by the consistent peak potentials at A and B and nearly identical charge under wave A, regardless of Fe spiking. This suggests that redox-active Cu+3 species have minimal electronic interaction with surface Fe species and are consistent with the tentative idea that Fe-adsorbed species are the catalytic sites. Furthermore, the observed trend where the OER overpotential decreases with increasing Fe concentration (Figure 3 and Figure S15), is consistent with Fe being adsorbed on the electrode forming active sites in proportion to the free Fe concentration in the electrolyte.Figure 3. Cyclic Voltammetry of 1.0 M Fe-free KOH, and with controlled Fe impurity levels (2 µg/mL [2 ppm], 5 µg/mL [5 ppm]) spiked, using copper foil as the working electrode. Measurements were conducted both with and without stirring. (a) Full potential range data from the onset of HER to the onset of OER. (b) Zoomed-in view of (a), highlighting the OER region.     

To further investigate Cu+3 formation, the total charge associated with wave A and wave B was quantified, with the OER current for Peak A subtracted using a polynomial fit. Results indicated that the charge corresponding to the reduction at wave B is approximately double that of the oxidative wave A (specifically red curve in Figure 3b), suggesting that Cu+3 formation continues to increase as the potential rises, even as OER processes dominate. This is further supported by the observation that the peak current for the reductive wave B decreases as the positive CV sweep cutoff potentials shift toward more-negative values (Figure S5).
As discussed in the introduction, the speciation of Cu+3 remains a topic of ongoing debate, with proposed forms including Cu(OH)4⁻, Cu2O3, CuO2⁻, and CuOOH. Recent work by Janik et al.41 explored a range of possible Cu+3 containing compounds, systematically ruling out most of these candidates through electrochemical experiments. Their findings suggest that Cu+3 in alkaline electrochemical systems is most likely present as CuO-OH*, a surface-adsorbed hydroxide on CuO41. In this work, we introduced rapid stirring to compare with stationary conditions, observing that stirring caused the Cu+3 redox waves to nearly disappear (Figure 3b, dash lines), regardless of the presence of Fe impurities.
Both soluble and insoluble Cu species participate in the anodic process of copper in alkaline conditions, specifically, with Cu dissolution as Cu+2 species occurring relatively quickly in the potential region of  -0.55 V to 1.3 V vs. RHE72. We propose that the origin of wave A is linked to the presence of soluble Cu+2 species at local electrode surface. Compared to bulk Cu+2 forms, which are insulating and exhibit low conductivity, these soluble species would be more easily oxidized under stationary conditions due to their ability to diffuse and migrate to reach conductive sites and complete the oxidation to Cu+3. When mechanical stirring is applied, soluble Cu+2 species are swept away from the surface, causing wave A to disappear. This decrease in Cu+3 formation subsequently leads to a decrease in the reduction peak, wave B. Generally, stirring enhances mass transport and would be expected to improve OER catalytic currents compared to quiescent conditions. However, in Fe-free electrolytes, it leads to the disappearance of redox peaks associated with Cu+3 formation and lower OER currents (Figure 3b, red curves). This is consistent with Cu+3 species that may form on the surface provide sites with higher OER activity.
To support this hypothesis, we simulated the voltammetry under quiescent conditions, assuming a local saturation concentration of Cu+2 at 5 mM (Figure S6)73. The simulated peak current (0.85 mA) closely aligns with the measured Peak A current (0.65 mA) in experimental data (Figure 3b red curve and Figure S6a). Further evidence comes from CV measurements performed in Fe-free 0.1 M KOH (no stirring), where the integrated charge in both Peak A and B are significantly reduced (Figure S7), consistent with the decreased solubility of Cu+2 at lower pH73. This suggests that reduced Cu+2 solubility in less concentrated alkaline electrolytes further limits Cu+3 formation. It is worth noting, however, that the above experimental results cannot pinpoint the form of the  putative Cu+3 and determine whether or not it is a surface absorbed species, surface phase, or soluble form. We note that previous studies using rotating disk electrodes have detected and reduced possible Cu+3 species at the ring, suggesting some degree of solubility of the Cu+3 species25.  Next, we construct a surface Pourbaix diagram to evaluate the stability of γ-CuOOH and δ-CuOOH surfaces for varying potentials. 
3.3 OER activity of CuOOH polymorphs
Surface Pourbaix diagrams offer insight into the electrochemical changes of surfaces in aqueous environments as a function of pH and electrode potential. These diagrams were constructed using the adsorption energies of intermediates. This model has previously been successful in predicting theoretical voltammograms for hydrogen and oxygen species on Pt surfaces,74,75 trends in oxygen reduction reaction (ORR) activity for Pt and Pt alloys76, and trends in electrochemical activity on oxide surfaces77. The OER theoretical overpotential is highly dependent on the coverage of different reactant species at the surface78,79. We consider the adsorption of O, OH on the γ-CuOOH (021) and δ-CuOOH (002) surfaces, evaluating all possible combinations to identify the most stable coverage of these intermediate species (Figure S8). The planes were chosen based on XRD analysis, which identifies the dominant cleavage planes as (021) and (002) for γ-CuOOH, and (002) and (210) for δ-CuOOH (Figure S3).

We further investigate the energetics of intermediates involved in the OER on thermodynamically stable γ/δ-CuOOH surfaces. The surface transitions from a hydroxylated state (1 monolayer (ML) OH*, Cu(OH)2 surface, cyan region) to a fully oxidized state (1 ML O*, CuO2-like, red region) for γ-CuOOH, occurring at an onset potential of 1.60 V vs. RHE. Similarly, δ-CuOOH is stable with an anodic onset potential of 1.65 V vs. RHE. The redox potentials (E⁰') for Cu+2 to Cu+3 transitions, are 1.30 and 1.28 V vs. RHE for γ-CuOOH and δ-CuOOH, respectively. The surface Pourbaix diagram indicates that stoichiometric γ-CuOOH (021) and δ-CuOOH (002) surfaces are most thermodynamically stable than one covered with 1ML of *OH and *O (Figure S8). Therefore, we investigate the OER mechanism on these stochiometric surfaces (Figure 4a) using the procedures outlined in the methods section. These surfaces feature two distinct active sites: the two-coordinated oxygen bridge sites (Ob) and the two-coordinated OH bridge sites (OHb). At the bridge sites, O/OH vacancies form electrochemically via O2 removal.Figure 4. (a) Most stable surfaces obtained from surface Pourbaix diagram (Figure S8) at anodic potentials and their active sites labeled as bridge sites (Ob and OHb) for Table S3 (b) OER activity volcano plot as a 2D heat map of overpotentials based on Gibbs free energy calculation of O*, OH*, and OOH* intermediates. The plot includes γ-CuOOH and δ-CuOOH with bridged Ob (circles) and OHb (squares), CuO-OH* (triangles), and Fe doped CuOOH (green outlined markers). Red and yellow shaded markers correspond to the γ- and δ-phases, respectively. Black and grey solid outlines around the markers represent the primary and secondary facets based on the simulated XRD (Figure S3) (c) Predicted activity trends for all copper-oxyhydroxide species, compared with available experimental data. The full adsorption energies are published as an online data set at catalysis-hub.org76.


Next, the calculated OER energetics for pristine and Fe-doped CuOOH are summarized in Figure 4b, which maps the data onto a two-dimensional OER volcano plot as a function of the independent descriptors GO  GOH,where GO and GOH are the adsorption free energies of O* and OH*, respectively. These energies are also plotted as scaling relations between GO and GOH and between GOOH and GOH in Figure S9. The scaling relation GOOH = 0.91GOH + 3.33 was used to construct the volcano plot. Additionally, we also evaluate the OER activity of the (002) surface of γ-CuOOH and the (210) surface of δ-CuOOH, with the corresponding surfaces shown in Figure S10. The energetics for γ/δ-CuOOH, Fe doped CuOOH and CuOx can be categorized as follows: (i) OER at the Ob site, where O* leads to the oxidation of Cu+2 (local magnetic moment of 0.67 μB) to Cu+3 (0 μB), with O*  OOH* as the potential limiting step (PLS) (strong ads.) (Figure S16). This is represented by a circle shaded in red/yellow on the left side of the volcano plot (Figure 4b) (ii) OER at the OHb site, where O* leads to the oxidation of Cu+3 to Cu+4, with OH*  O* as the PLS (weak ads.). This is denoted by a square shaded in red/yellow located on the right side of the volcano (iii) OER at the Fe-doped Ob site leads to intermediate Cu–O bond lengths, resulting in improved bonding (represented by green-outlined markers). We observe mixed Cu+3/+2/Fe+4 oxidation states, with shifts to the right on the volcano plot (indicated by green arrows). Structurally, Fe becomes more oxidized due to coordination with another oxygen outside of the square-planar structure (see Figure S16) which impacts overall stability of Fe doped CuOOH.
This effect is consistent with increased solubility of Cu (under peak A) in CV measurements. (iv) OER at the top CuO-OH* site, where we calculate the activity of CuO-OH* with 0.5 monolayer OH on the CuO (111) facet41. The OER overpotential for OH* adsorption on CuO (111) surfaces on top sites and at low (LC, strong OH*) and high coverage (HC, weak OH*) is notably high ≈1 V (triangles in grey, Figure S11 for optimized structures). However, both sites suffer from unfavorable O* step due to polar character of CuO(111), indicating that these sites are not active for OER. 
The stoichiometric γ/δ-CuOOH surfaces with Ob sites show significant OER activity, with calculated overpotentials of 0.58 V, 0.67 V, and 0.64 V for γ-CuOOH-Ob-Asite (021) (red), γ-CuOOH-Ob-Bsite (021) (orange-red), and δ-CuOOH-Ob (002) (yellow), respectively as shown in Figure 4c. Notably, the calculated overpotential for γ-CuOOH-Ob-Asite (021) aligns with the experimental CV value of 0.54 V. Fe doping at the same site further enhances OER performance, lowering the overpotential to 0.44 V, in agreement with experimental data (Figure 3). These findings highlight γ-CuOOH at the Ob-A site as an efficient OER catalyst. 
3.4 Modulation excitation X-ray Absorption Spectroscopy (ME-XAS)
Figure 5. Cu K-edge XAS.  (a, top) The normalized Cu K-edge XANES of Cu metal, Cu2O, and CuO reference standards overlaid with the DFT+ Bethe-Salpeter Equation (BSE) calculations. (a, bottom) DFT+BSE Cu K-edge simulations of the Cu+3 models: bulk 𝛾/𝛿-CuOOH, NaCuO2, KCuO2, Cu2O3, and the 𝛾-CuOOH (021), 𝛿-CuOOH (002), and CuO-OH* surface slabs. (b) Cu K-edge ME-XAS of a 100 nm thin-film Cu electrode in a three-electrode electrochemical flow cell in an oxygen-free 100 mM KHCO3 electrolyte saturated with Ar gas (Pt counter electrode, 10 ml min−1). (b, top) The maximum difference of the demodulated phase-resolved Cu K-edge spectra obtained via the PSD mathematical treatment is shown. Dashed line highlights the Cu+3 second negative peak feature. The theoretical difference spectra of the Cu+3 models (b, middle) are obtained by subtracting the theoretical metallic spectrum from the Cu+3 spectrum. The difference spectra of the references (b, bottom) were generated by subtracting the steady-state metallic spectrum (recorded at a constant potential of −0.4 V vs. RHE [VRHE]) from the measured XAS of the references in TFY mode. 

Modulation excitation (ME) approaches enhance the detection of diluted signals that are overwhelmed by spectator signals. ME is based on the periodic modulation of a perturbation stimulus to the system while synchronizing spectral detection with the input modulation frequency. We use the applied electric potential of the electrochemical system as the modulation parameter following a square function under a pre-defined frequency while recording the X-ray absorbance of the sample at each incident X-ray energy.
The electrolyte conditions were optimized for ME-XAS under OER conditions. Electrochemical characterizations of 100 nm thin-film polycrystalline Cu in oxygen-free 100 mM KHCO3 electrolyte (three-electrode flow cell, Pt counter electrode, Ar saturation, 10 ml·min−1) were conducted to minimize the dissolution of Cu by moving to a lower pH, based on the Pourbaix diagram (Figure 2a,b). CV in bicarbonate electrolytes showed (Figure S4): (i) two main anodic peaks between 0.4 V and 0.85 V vs RHE ascribed to the oxidation of Cu to Cu+1 and Cu+2, respectively; (ii) a broad anodic passivation feature between 0.9 V and 1.6 V vs. RHE observed before the OER catalytic current likely due to the formation of the insulating complex oxide/hydroxide multilayer structure; and finally, (iii) Faradic currents ascribed to water oxidation at potentials more anodic than 1.7 V vs. RHE. Peaks correlated to Cu+3 redox were not observed with the flow cell, as consistent with measurements above under stirred conditions, and cathodic peaks were not obtained at potentials more positive than +0.7 V vs. RHE on the cathodic sweep with the three-electrode electrochemical flow cell. Then, cathodic peaks ascribed to the reduction of Cu(OH)2, CuO and Cu2O to Cu evolved between 0 and +0.6 V vs. RHE; demonstrating the metallic state of Cu under cathodic conditions between 0 V and −0.4 V vs. RHE before catalyzing HER at potentials more negative than −0.5 V vs. RHE. Therefore, the applied potential was modulated between −0.4 V (metallic state) and +1.8 V vs. RHE (working potential for OER catalysis) at 13 Hz. The modulated operando X-ray absorbance was recorded along the Cu K-edge by scanning the incident X-ray beam energy and in a step-by step manner. The Cu K fluorescence intensity was recorded with a X-ray photodiode at a back-illumination geometry of the flow cell80.
Figure 5a shows the steady-state Cu K-edge XAS of reference samples (Cu0, Cu+1, and Cu+2 states): Cu, Cu2O and CuO. The metallic spectrum was obtained by recording the state of the 100 nm Cu electrode held at a constant potential of −0.4 V vs. RHE. Figure 5b (bottom) shows the difference spectra (Δμ) of the different Cu states generated by subtracting the metallic spectrum from the spectra of the oxides. The pre-edge features below the main peak edge (< 8995 eV) are related to dipole-allowed 1s-to-4p transitions mostly indicating the oxidation state of Cu. The broad positive features at higher energy can be mainly ascribed to structural resonances. 
Figure 5b (top) shows the result of applying the phase sensitive detection (PSD) mathematical approach to extract the maximum of the demodulated spectra from the time-domain X-ray absorption, which enables the study of the oxidation of the Cu surface within 38 ms after the anodic polarization step. The phase resolved spectra show three well-resolved peaks centered at 8980.2 eV, 8984.8 eV, and 8998.6 eV. The observed demodulated phase-resolved signal is a result of the convolution of the formation of multiple oxidized species on the Cu surface. As shown at the bottom of Figure 5b, the Cu+1 negative peak maxima is at 8979 eV and the Cu+2 negative peak maxima is at 8980.3 eV; therefore, the first negative peak at 8980.2 eV in the phase-resolved spectra of the Cu electrode under OER working conditions is ascribed to the presence of Cu+2 on the surface with a plausible minor contribution of Cu+1 species. The second negative peak (dashed line) in the phase resolved spectrum develops at higher energies than the peak position correlated to Cu+2. None of the reference standards exhibit a second well-resolved negative peak in their difference spectra near 8984.8 eV. Moreover, both Cu+1 and Cu+2 oxide standards exhibit a high-energy positive peak significantly below 8998.6 eV. Based on the peak positions of the oxide standards, the second negative peak having a > 4.0 eV shift from the Cu+2 peak, and the higher energy position of the third positive peak with an energy shift > 1.6 eV from Cu+2, it is proposed that there is a higher oxide of Cu generated under OER conditions in the sample at 1.8 V vs. RHE. Overall, the oxidation state of Cu increases as the Cu K-edge shifts to higher energies (Figure 5a). Therefore, we ascribed the convolution of the second negative peak and the high-energy positive peak in the phase-resolved spectrum of the sample to the formation of Cu+3 species on the surface of the Cu electrode at 1.8 V vs. RHE.
First-principles calculations of the Cu K-edge XAS using the OCEAN code81–83 were used to assess Cu+3 species forming on the Cu surface under OER (see more details in SI). As the first step, the Cu K-edge XAS of Cu metal, Cu2O, and CuO were computed using DFT and the Bethe-Salpeter equation to benchmark against the experimental reference standards. Figure 5a shows that the XAS simulations describe well the spectral features; nonetheless, it is challenging to simulate the relative energy shift of the main-edge and the high-energy features. Next, using the bulk Cu+3 crystal and surface models, their XAS spectra was calculated. 
The bottom of Figure 5a shows the first-principles calculations of the Cu K-edge XAS for the structural motifs in γ/δ-CuOOH, NaCuO2, KCuO2, Cu2O3, and the surface slab models CuO-OH*, γ-CuOOH(021), δ-CuOOH(002). From the simulations, the following trends can be discerned. First, the normalized theoretical spectra show that the Cu K-edge of Cu+3 species XAS shifted to higher energy (Figure 5a, bottom). The main Cu K-edge peak (Figure 5a) and thus the positive high energy peak in the Cu2O3 difference spectrum (Figure 5b) is located at a lower energy (ΔE ≥ 2 eV) than all the other Cu+3 candidates. Second, most Cu+3 compounds show a peak feature below 8990 eV (Figure 5a) that creates the trend of a double negative peak in their difference spectra (Figure 5b), except for Cu2O3. Third, when only plotting the spectra of the surface atoms on the slab models, the second negative peak in the difference spectra shifts to lower energies. The blue-shift is likely a result of structural distortions on the surface. Finally, most of the Cu+3 species also show a high-energy positive peak trending towards a higher energy position (≈8997 eV) that is closer to the experimentally observed peak centered at 8998.6 eV. These trends suggest that Cu2O3 can be ruled out as the species forming on the Cu surface under OER conditions. Taking all the above data into account, Cu+3 species form on the Cu surface to drive water oxidation in alkaline media. The overall trend of the simulations shows similar spectral features as in CuO2−, CuO-OH* and/or CuOOH. The ME-XAS and the XAS calculations are not supportive of formation of Cu2O3. The spectral response of calculated CuOOH features a 90 square-planar geometry with very short Cu-O bonds of 1.82 Å . Such coordination is consistent with several experimentally confirmed Cu+3 complexes50.

3.5 Operando electrochemical Raman spectra and Simulated Raman spectra of Cu-Oxides 
Operando Raman spectra were collected during linear sweep voltammetry (LSV) experiments from 0.04 V to 1.71 V vs. RHE in Fe-free 0.1 M KOH (Figure 6). Several distinct Raman features emerged across this potential range (Figure 6a), correlating with the electrochemical data in Figure S12 and reflecting the sequential transformations of Cu species from Cu0 to Cu+3. At 0.04 V vs. RHE, the initial spectrum was nearly featureless, indicating the predominant presence of Cu0. As the potential increased to 0.56 V vs. RHE, Raman peaks associated with Cu2O (417 cm-1, 520 cm-1, and 618 cm-1) appeared, consistent with a previous report41. These peaks gradually diminished as the potential increased, while peaks corresponding to CuO (299 cm-1, 341 cm-1, and 622 cm-1) emerging (1.34 V vs. RHE), in alignment with the reference values shown in Table 2.

                                      Figure 6. Operando electrochemical Raman spectra collected during the linear sweep voltammetry (LSV) experiment. (a) Raman spectra collected while holding the electrode at specified potentials, with only peaks showing unique features labeled. At higher potentials (1.34 V, 1.64 V, and 1.71 V vs. RHE), a significant reduction in Raman signal is observed, potentially due to loss of the Cu SERS effect as the Cu surface evolves or the formation of bubbles in the OER region. For direct comparison, Raman spectra at these higher potentials are amplified by a factor of 5. (b) Comparison of calculated and experimental Raman spectra for Cu+3 species. The simulated spectra for γ-CuOOH, and δ-CuOOH are shown as solid lines, with peak positions at 552 cm-1 and 569 cm-1, respectively. The experimental spectra are dotted lines for CuOOH and CuO-OH*, with peaks at 542 cm-1 and 583 cm-1, respectively. The blue dotted line represents experimental data from Reference 41 with a peak position at 587 cm-1 for CuO-OH*. All spectra were normalized to ensure consistent peak intensity. (c) A parity plot compares experimentally measured and calculated wavenumbers for the corresponding Raman peaks. Transitioning from the primitive cell to the supercell model improves theoretical peak positions by approximately 2%.

At 1.34 V vs. RHE, a notable peak at 583 cm-1 appeared (with an FWHM of 104 cm-1), previously attributed to CuO-OH*, indicating OH adsorption on CuO41. As the potential approached the OER region (1.64 V vs. RHE), a new peak at 542 cm-1 emerged, which remained as the potential increased to 1.71 V vs. RHE (with an FWHM of 116 cm-1). By comparing the simulated Raman spectra shown in Figure 6b, this peak was tentatively assigned to γ/δ-CuOOH (552.4 cm-1 calculated vs. 569 cm-1 measured, Table 2). The appearance of these peaks aligns with the Pourbaix diagram simulation for bulk CuOOH formation (> ≈1.67 V vs. RHE at pH 13, Figure 2b) and the ME-XAS phase-resolved spectra showing a convolution of all these phases at 1.8 V vs. RHE (Figure 5). Notably, CuO peaks persisted in the OER region, and a new peak appeared at 484 cm-1 (with an FWHM of 97 cm-1 at 1.71 V vs. RHE), attributed to KCuO2 (Table 2), also consistent with ME-XAS and the XAS simulations. These results indicate that at high potentials near the OER region in 0.1 M Fe-free KOH, the surface coverage likely consists of a mixture of oxidized Cu species, without any single phase achieving complete surface coverage. The Raman results are consistent with the assignments of the phase-resolved spectra using XAS calculations.
Table 3. Comparison of calculated and experimental Raman-active mode frequencies for various Cu+2/+3 oxides and hydroxides. Calculations were performed using Density Functional Perturbation Theory (DFPT), with details provided in the Methods section. Experimental values from this work and literature offer a benchmark for theoretical predictions.
	Compound
	Raman modes (cm-1)

	
	Calculated
	Exp.  (this work)
	Exp. (literature)

	CuO
	         283, 326.4, 611.4
	299, 341, 622
	         288, 336, 61940,41

	KCuO2
	495, 599
	484
	498, 60541

	NaCuO2
	486, 601.2
	
	500, 60641

	γ-CuOOH 
	324.2, 552.4
	542
	

	δ-CuOOH
	324.4, 569
	542
	

	CuO-OH*
	
	583
	58741



Figure 6c illustrates a parity plot comparing calculated and experimental wavenumbers corresponding to Raman peaks. While there is some uncertainty in the selection and assignment of the experimental spectra that show many features, the consistency between major experimental peaks and the simulated spectra supports the methods used for simulating the Raman spectra of the newly discovered CuOOH phase. We align the Raman peaks of known structures viz. (CuO, KCuO2, NaCuO2) with established standards extracted from the literature40,41. The characteristic Raman peaks for Cu+2 species, such as CuO, at 288 cm-1, 336 cm-1 and 619 cm-1 40,41, match the simulated Raman peaks at 282.9 cm-1, 326.3 cm-1 and 611.3 cm-1 (Figure S13a). The -centered phonon density of states suggests that the 282.9 cm-1 peak is primarily associated with vibrations involving Cu atoms, the 326.3 cm-1 peak corresponds mainly to O-atoms with some contribution from Cu atoms, and the 611.3 cm-1 peak is mainly attributed to vibrations of O-atoms (Figure S13d). DFT Raman frequencies accurately capture the absolute peak positions but consistently misjudge relative intensities for CuO. For KCuO2,41 experimental peaks at 498 and 605 cm⁻¹ align with simulated peaks at 495 cm-1 and 599 cm⁻¹, primarily reflecting O-atom vibrations, with contributions from Cu atoms in the latter (Figure S13b and e). In NaCuO2, experimental peaks at 500 cm-1 and 606 cm⁻¹ correspond to simulated peaks at 486 cm-1 and 601 cm⁻¹, exhibiting similar phonon pattern to that of KCuO2 (Figure S13c and f). Figure 6c shows that transitioning from the primitive cell to the supercell model improves theoretical peak positions by approximately 2 %. Table 2 lists the Raman vibrational modes of Cu+2/+3 compounds such as CuO, KCuO2, NaCuO2, γ-CuOOH, δ-CuOOH, and CuO-OH*. To investigate the atomic vibrations corresponding to the Raman peaks in γ-CuOOH and δ-CuOOH, we calculated the phonon density of states to quantify the vibrational contributions of individual atoms (Figure S14). The Raman peaks at 552 cm-1 for γ-CuOOH and 569 cm-1 for δ-CuOOH are predominantly due to O-atom vibrations. Overall, in-situ Raman spectroscopy revealed features consistent with those calculated for CuO-OH and CuOOH, the latter being more dominant at higher potentials. 
CONCLUSIONS 
This work directly places square-planar coordinated CuOOH directly within the Pourbaix stability region, with a  of -208.68 kJ/mol, revising previous Cu-H2O phase diagrams. DFT calculations identify the OER active sites in CuOOH as bridge O* sites between Cu+3 atoms or between Cu+2 and Fe+3, with activity occurring at ≥1.7 V vs. RHE, in agreement with experimental cyclic voltammetry results in both Fe-free and Fe-doped alkaline media. Both soluble and insoluble Cu species participate in the anodic process with soluble Cu+2 species being responsible for the anodic features suggesting partial dissolution of the catalyst. The experimental data, supported by advanced modulation excitation X-ray absorption spectroscopy (ME-XAS) and operando Raman spectroscopy, confirm CuOOH as the predominant Cu+3 species under OER conditions in addition to CuO-OH*, while ruling out Cu2O3 as a surface intermediate. Additionally, the analysis of CuO-OH* shows that is unlikely species to be active for water oxidation. These findings not only clarify the local coordination of Cu during OER but also pave the way for rational alloying strategies aimed at enhancing the stability and performance of Cu+3-based catalysts for water oxidation.   
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