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ABSTRACT Understanding the fundamentals of the reaction between CuO with trace amounts of 

H2S to form CuS products is critical for the optimal utilization of this process in sulfur removal 

applications. Unfortunately, CuS is a complex material, featuring various Cu2-xS compounds (with 

0 ≤ x ≤ 1), distorted crystal phases, and varying electronic structures and coordination 

environments of Cu and S ions. In this work, we combine ex-situ and in-situ X-ray absorption 

spectroscopy (XAS) at S and Cu K-edges, fixed bed sorption experiments, DFT simulations, and 

other characterization techniques to speciate the CuS products formed at different temperatures 

(298-383 K) and from CuO sorbents with different crystallite sizes (2.8-40 nm). The results of our 

analysis identify the formation of a distorted CuS layer at the surface of CuO crystals with disulfide 

groups with longer Cu-S bonds and higher delocalization of the positive charge of the Cu center 

into (S-1)2. This distorted CuS layer dominates the XAS signal at lower temperatures (298-323 K) 

and at the initial stages of sulfidation at higher temperatures (353 K and 383 K) where conversion 

is low (<40%). First principles atomistic simulations confirm the thermodynamic favorability of 

the formation of surface (S-1)2 on both CuO (111) and (111) surfaces, providing further support 

for our experimental observations. Furthermore, these simulations reveal that the presence of 

disulfide bonds stabilize surface hydroxyl groups, leading to lower Gibbs Free Energies of their 

surface migration.  
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1. Introduction  

Hydrocarbon streams derived from natural gas and petroleum processing contain high 

concentrations of hydrogen sulfide (H2S) which is corrosive to process equipment, detrimental to 

product quality, and harmful to the environment.1–3 Therefore, purification of these streams to sub-

ppm concentrations of H2S is required, and a chemical reaction using a metal oxide is often 

employed to achieve these low concentrations because of favorable reaction thermodynamics and 

permanent sequestration of H2S as a solid metal sulfide.4,5 Reaction of copper oxide (CuO) with 

H2S to form water and copper sulfide is an effective process for reactive sorption because complete 

conversion of CuO (and ppb levels of H2S)  can be achieved at ambient conditions.6,7 However, 

the removal capacities of CuO sorbents vary widely even between materials with apparently 

similar chemical and structural properties.6 Indeed, an understanding of molecular level details of 

the reaction is imperative for uncovering the source of this variability and developing reliable CuO 

sorbents for this process.  

Earlier work has demonstrated the critical role of crystallite size and micro-porosity in 

predicting the performance of CuO sorbents at both fixed bed and individual micrometer-sized 

particle scales.7 The synchrotron-based techniques of X-ray absorption spectroscopy (XAS) and 

transmission X-ray microscopy (TXM) have been successfully used to quantify the kinetics of the 

sulfidation process and to observe the chemical and structural changes that are associated with it 

in real time. These studies confirmed the presence of pore diffusion resistance within individual 

particles (< 10 µm) and hinted at the potential formation of different copper sulfide products.6 

Additionally, fixed bed experiments and Density Functional Theory (DFT) calculations showed 

that reducing crystallite size leads to an improvement in the removal capacity of CuO sorbents.7 

This work uncovered a difference in reactivity of oxygen atoms based on their coordination 
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environment, with three-fold coordinated atoms, more abundant in smaller crystals, being more 

reactive towards sulfur than four-fold coordinated oxygen. Furthermore, these three-fold 

coordinated oxygen atoms form oxygen vacancies more readily, which could indicate more facile 

diffusion of atoms through the bulk of the solid phase in smaller crystals. These studies introduced 

new questions pertaining the reaction of CuO with H2S, such as what the type of copper sulfide 

species are formed, do these phases depend on the structure of the starting material or/and the 

conditions of the sulfidation process, and how does the phase formation impact the final conversion 

(and thus, performance) of the material.  

The conventional stoichiometry used for the CuO sulfidation reaction assumes the formation 

of covellite (CuS), however, new emerging evidence has challenged this long-held belief of the 

formation of a single product species/phase.6 Indeed, copper sulfide systems are highly complex, 

featuring a range of species with Cu2-xS stoichiometries (0 ≤ x ≤ 1), diverse crystal phases, and 

varying bonding arrangements and electronic structures (discussed subsequently).8–10 The 

crystallographic characterization of these intermediate Cu2-xS species (between Cu2S and CuS) is 

difficult due to the ill-defined positions of the copper atoms within the close-packed sublattice of 

S atoms. Despite their simple chemical formulae, the two end members (i.e., x = 0 or 1) of the Cu2-

xS family, Cu2S (chalcocite) and CuS (covellite), also have complex crystalline structures. 

Covellite features a hexagonal crystalline structure, with two thirds of the Cu atoms in tetrahedral 

coordination and the other third has a trigonal planar symmetry; the oxidation states of Cu in these 

centers are +1 and +2, respectively. On the other hand, one-third of S atoms are monosulfides (S2-

) in trigonal bi-pyramidal coordination, and two thirds are in disulfide (S1--S-1) arrangement. These 

atoms are arranged in alternating S2 and CuS3-CuS3 layers as shown in Figure S1. Chalcocite 

(Cu2S) is known for its instability and its inclination to degrade to copper deficient species at 
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ambient conditions. The oxidation state of Cu in the 96-atom monoclinic unit of chalcocite is 

mostly +1 with evidence of mobile Cu (0) centers.11 Successful elucidation of copper sulfide 

species that form (and evolve) during reactions between CuO and H2S will fill a gap in the efforts 

towards fundamental understanding of this reaction, and the evident complexity of copper sulfides 

calls for the use of advanced characterization techniques that can probe the oxidation states, local 

geometry, bond lengths and coordination numbers of both Cu and S in order to achieve accurate 

speciation.  

XAS is a powerful technique that can provide valuable information in this regard, by both ex-

situ analysis of fresh and spent samples and in-situ study of the evolved species throughout the 

course of the reaction.12,13 The extended X-ray absorption fine structure (EXAFS) can be used to 

determine local structural information about the target atom, and the near-edge structure can 

provide information about the oxidation state of an atom and its coordination symmetry.12,13 

Nevertheless, probing a heterogeneous mixture of species, such as a partially sulfided CuO sample, 

is a challenging task because of the numerous local environments of Cu within one phase (CuS) 

and across the two phases (CuO and CuS). In this work, we probe the reaction of CuO with dilute 

H2S gas streams (1000 ppm-vol in He or N2) using in-situ and ex-situ XAS at both the S K- and 

Cu K-edges. We verify that in-situ XAS experiments accurately represent this reactions by 

comparison with the capacities and kinetics from fixed bed absorption studies at the same 

conditions. These experimental techniques (and the resulting data) are also used to probe the 

influence of CuO crystallite sizes (across a range of 2 – 40 nm) and reaction temperature (298-383 

K) on Cu2-xS formation. The results of our work suggest the formation of a distorted CuS layer at 

the surface of the CuO crystals, with disulfide groups of longer Cu-S bonds and higher 

delocalization of the positive charge of Cu center into (S-1)2 at the initial stages of the reaction. Our 
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findings also suggest the dominance of these species at lower temperatures (298-323 K) compared 

to higher temperatures (353-383 K) and where the CuS products more closely resemble pure 

covellite. DFT calculations for the sulfidation of CuO (111) and (111) surfaces also support our 

hypothesis of the formation and dominance of disulfides at the initial stages of CuO sulfidation.  

2. Experimental Methods  

2.1 Materials  

A commercial CuO-based sorbent (HiFUEL W230; denoted as CuO-1) was purchased from 

Alfa Aesar and tested without subsequent treatment. This sorbent is composed of 63.5 wt% CuO, 

25 wt% ZnO, and 10 wt% Al2O3. For the synthesis of all other CuO sorbents, copper (II) nitrate 

trihydrate (Sigma Aldrich, 99%), copper (II) acetate monohydrate (Sigma Aldrich, 99%), sodium 

hydroxide (BDH, 97%) and glacial acetic acid (VWR, ACS grade) were used in the preparation. 

CuO nanoparticles (denoted as CuO-2 and CuO-3) were prepared using an acid-catalyzed sol-

gel process.14 For CuO-2, 1.0 cm3 of glacial acetic acid was added to 300 cm3 of 0.02 M copper 

(II) acetate solution under vigorous stirring and heating. Upon boiling, 0.8 g of sodium hydroxide 

was added to the solution under continuous stirring. The solution was then allowed to cool to room 

temperature while a black solid continuously precipitated out of solution. The solid precipitate was 

recovered via centrifugation of the solution for 10 minutes (JA-14 rotor) at 293 K and 6000 RPM 

followed by decanting the supernatant liquid. The precipitate was then washed with deionized 

water and ethanol. The washed precipitate was dried in a furnace for 8 h at 313 K. Sample CuO-3 

was prepared by additional thermal treatment of sample CuO-2 in air at 623 K for 4 hours to 

achieve larger crystallite size (as evidenced by X-ray diffraction patterns). Additional CuO 

nanoparticles (denoted as CuO-4) were prepared by a drop-wise addition of aqueous 0.1 M sodium 

hydroxide solution to aqueous 0.1 M copper (II) nitrate trihydrate solution under continuous 
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mixing. The obtained material, copper (II) hydroxide, was then vacuum filtered and washed with 

distilled water and ethanol, dried in air at 353 K for 14 h, and then thermally treated in air at 773 

K for 4 h at a ramping rate of 1 K h-1.  

CuO nanofibers (denoted as CuO-5) were synthesized through electrospinning. Polymer 

solutions were prepared by dissolving 1.30 g of PVP M.W. 1,300,000 in ethanol solvent (23 cm3).  

The polymer solution was then vortexed (Fisher Scientific Digital Vortex Mixer) at 3000 rpm for 

1 h until the polymer was completely dissolved. The solution was left to settle for 10 minutes, 

transferred to a beaker, and stirred for 0.5 h. The metal containing solution was prepared by 

dissolving copper (II) nitrate (1.3 g) in 10 cm3 of DI water and stirring the solution for 0.5 h. The 

copper containing solution was then added dropwise to the polymer containing solution. The 

solution was stirred for 0.25 h, and then vortexed for 0.5 h at 3000 rpm. The electrospinning 

solution was placed in a 10 mL syringe (BD 10 mL syringe with Luer LokTM tip) with a 

hypodermic needle (MonojectTM Standard 30G x ¾”). The distance between the tip of the needle 

and a stainless-steel collecting plate, which was covered with aluminum foil, was 22 inches. A 

Gamma High Voltage Research ES75 power supply was used to apply 30 kV on the polymer jet 

while the polymer solution was extruded through the needle at a rate controlled by a syringe pump 

(1.0 cm3 h-1; Kent Scientific Genie Plus). Dry air was circulated inside a 3 m3 chamber at 6 cm3 

min-1 to control the relative humidity at 19.5 ± 2%. The collected fibers were thermally treated in 

air at 823 K for 4 h at a ramping rate of 2.0 K min-1 to remove the majority of PVP and form CuO.  

2.2 Non-synchrotron characterization techniques  

All CuO sorbents were characterized using a variety of techniques. Powder X-ray diffraction 

patterns were obtained on an X-ray diffractometer (JEOL JDX-3530 and Philips X-Pert) using Cu 

Kα radiation of 1.5410 Å wavelength and used to identify the crystalline copper-containing phases. 
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The average crystallite size of each sample was determined using Scherrer’s formula. Nitrogen 

adsorption-desorption isotherms were measured at 77 K with a Micromeritics ASAP 2020 Plus 

system. Before measurements, the samples were degassed at 1 × 10-3 Torr and 573 K. The 

Brunauer-Emmett-Teller (BET) surface areas were calculated from the isotherms. The pore size 

distribution was derived from the adsorption branches of the isotherms using the Barrett-Joyner-

Halenda (BJH) model. Scanning electron microscopy (NOVA 230 Nano SEM) was used to 

visualize the morphology of the materials. The diameters of the agglomerate sizes of the sorbents 

were measured from the SEM images using ImageJ software.  

2.3. Fixed bed sulfidation tests   

Fixed-bed sorption breakthrough experiments were carried out in the apparatus outlined in 

Figure S2. A tubular stainless-steel reactor with 0.25-inch outer diameter was packed with 100-

180 mg of sorbents with average agglomerate sizes of 75 µm (i.e., particles sieved through +200-

100 mesh screens). The packed beds were 1.5 cm in height and were fixed between two plugs of 

quartz wool. The temperature of the reactor (298-383 K) was regulated using a resistively heated 

jacket with a PID temperature controller (TEMPCO EPC-100). Reactant feed streams consisted of 

1000 ppm-vol H2S in N2
 and were produced by diluting 1.0% H2S/N2 (Praxair) in UHP N2. The 

total inlet flowrate of 90 cm3(STP) min-1 was controlled using MKS GE50A and GM50A flow 

controllers. Online gas chromatography (Agilent 7890B) with a sulfur chemiluminescence 

detector (SCD; Agilent 755) was used to measure the concentration of H2S in inlet and outlet 

streams. The interior of the reactor and all the gas transfer lines were treated by an inert coating 

(SilcoNert 2000) to mitigate adsorption of sulfur onto the walls of the apparatus tubing.  
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2.4 XAS acquisition and analysis  

S K- and Cu K-edge X-ray absorption spectra were recorded at Stanford Synchrotron Radiation 

Lightsource (SSRL, California, USA) at wiggler beamline 4-3 using a Si (111) double-crystal 

monochromator. The storage ring was operated at 3 GeV with a ring current of 494-500 mA in 

top-up mode. The beam cross-section was 1 mm x 3 mm. X-ray absorption near-edge structure 

(XANES) spectra were recorded at the S K-edge (2472.0 eV) in fluorescence mode using a 7-

element silicon-drift detector (Canberra). Energy calibration was achieved using sodium 

thiosulfate (Na2S2O3.5H2O) where the first peak of the spectrum was fixed at 2472.0 eV. EXAFS 

spectra were recorded at the Cu K-edge (8979.0 eV) in transmission mode.  A Cu foil, situated 

between two ionization chambers after the sample, was scanned simultaneously for energy 

calibration purposes. 

The XAS samples comprised a wafer (36 mg of CuO-based sample mixed with 14 mg of boron 

nitride (BN) (Sigma Aldrich)) for the S K-edge, and 2.4 mg of sample diluted with 47.6 mg BN 

for the Cu K-edge. The wafer was placed at 45° to the incident beam on a heated stage inside a 

100 cm3 cell, as described previously and as shown in Figure S3.15  

For in-situ XAS sulfidation experiments, 1000 ppm H2S in Helium (Airgas) and Helium 

(99.95%, Airgas) gases were used. XAS scans were initially taken under Helium flow, then the 

temperature was ramped up to the desired set point (298, 323, 353, or 383 K) at a rate of 5 K min-

1 and under a 20 cm3(STP) min-1 flow of Helium. Once temperature stabilized, XAS scans were 

taken again to obtain initial spectra at the reaction temperature. After collection of initial spectra, 

a stream of 1000 ppm H2S/He was introduced into the reaction cell, and XAS scans were collected 

continuously (every 6.25 minutes for Cu K-edge and every 5-11 minutes at S K-edge) until 

saturation was reached. The cell was then purged with Helium at 20 cm3(STP) min-1 and allowed 
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to cool to room temperature before XAS scans of spent samples were obtained. For the S K-edge, 

additional XAS scans were obtained for an inert BN sample under H2S gas flow, in order to allow 

subtraction of the gas phase H2S signal contribution from the overall in-situ XANES scans.  

XAS data were analysed using ATHENA and ARTEMIS from the Demeter package 

software.16 The Cu K-edge EXAFS data was extracted from 3.0-11.3 Å-1 in k-space, and the 

Fourier transformed data was analyzed in the range of 1.0-2.4 Å for partially sulfided materials 

and 1.0-3.4 Å for fresh and reference materials. Experimental data were fitted with theoretical 

back-scattering paths calculated using FEFF6, based upon CIF files from the Inorganic Crystal 

Structure Database (ICSD).17 The fits were performed based on k1, k2, and k3 weighting. The 

amplitude reduction factor, S0
2, was determined by fitting a reference copper foil, from each 

beamline visit, with tabulated coordination numbers of bulk copper (fcc-Cu metal: ICSD 53247).17 

The average value of S0
2 value was 0.91 with a standard deviation of 0.05. 

Intensity and phase of scattering paths of the oxide materials were calculated using FEFF6 

based on crystallographic data from the tenorite CuO structure (ICSD 16025).17 To simplify the 

models, only single scattering paths were included and the coordination numbers, N, were scaled 

by a factor α. The term, α, was introduced in order to account for the size effect on the EXAFS 

scattering path intensity. This term is a scaling factor for all the scattering paths associated with a 

spectrum that is consistent across samples of a given crystallite size. The α term is not to be 

confused with the scaling factor used to account for lattice expansion of cubic systems. The 

complexities of EXAFS modeling CuO are further discussed in section 3.3 of the Supporting 

Information.   

The intensity and phase of the scattering paths in the sulfided material were also calculated 

using FEFF6 based on a modified CuS covellite CIF file (ICSD 32105).17 This modified structure 
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averages the two Cu centers (tetrahedral Cu1+, and trigonal planar Cu2+) sites in covellite. Figure 

1 presents a stick plot of the averaged coordination numbers and distances for Cu in the modified 

structure. For a reliable quantification of each of the phases, the fitting model of partially sulfided 

materials was simplified to take into account only the most significant scattering paths. Because 

the focus of the EXAFS investigation of these materials was the determination of the types of 

sulfur species formed, only the first Cu-O and Cu-S shells were fit. In these fits, we assumed that 

the unreacted CuO material was not significantly modified by the sulfidation reaction. This 

allowed us to fix the Cu-O path length and associated mean squared displacement term (σ2) at the 

values obtained for the starting material, while scaling the coordination number down from the 

initial value by multiplying with the molar fraction of unreacted material, XCuO. The XCuO term is 

defined as 1- XCuS where XCuS is the conversion determined by linear combination fitting of the 

XANES region of sulfided samples. Thus, the CuO component of the final material has fixed 

EXAFS parameters while the EXAFS parameters of the CuS portion were allowed to vary. These 

parameters were Cu-S coordination number, N, scattering path length, R, and its associated mean 

squared displacement term, σ2. In all of the fits, ΔE0 was allowed to vary.  
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Figure 1. Stick-plot representation of the radial distribution of atoms around Cu1+ and Cu2+ in 
CuS (covellite) and averaged Cu center in the simplified CuS model used in EXAFS fitting of Cu 
K-edge spectra.  

2.5 DFT computational study  

First principles atomic simulations were conducted using Density Functional Theory as 

implemented in the quantum mechanical software package VASP with a plane-wave basis set.18–

20 The basis set had an energy cutoff of 400 eV. Exchange and correlation were accounted for with 

the generalized gradient approximation (GGA),21 using the Perdew–Burke–Ernzerhof (PBE) 

functional.22 Since CuO has an antiferromagnetic ground state, spin polarization was considered 

for all cases. To this regard, it is known that due to the strong correlation effect among Cu 3d 

electrons in CuO, conventional DFT calculations are unable to properly describe the electronic 

structure.22 
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In order to account for strong correlation effects, the so-called Hubbard correction23–25 was 

used, specifically the GGA+U method as formulated by Dudarev et al..26 A Ueff value of +7 eV for 

Cu 3d electrons was chosen (Ueff = U – J , with U=7 and J=0 eV), which has previously been 

found to accurately reproduce experimental properties such as the lattice parameter, band gap and 

magnetic moment of Cu atoms. 7,27,28 Indeed, the calculated magnetic moment per Cu atom is 0.66 

µB, in close agreement with the experimental value (0.68 µB
29). Also, for the calculated lattice 

parameters of bulk CuO we found a = 4.686 Å, b = 3.428 Å, c = 5.122 Å, β = 99.44 and the Cu–

O distance to be 1.96 Å, in agreement with experimental measurements.30 

To study sulfur interaction on these CuO surfaces, a (2 x 1) surface supercell of the (111) and 

(111) surfaces were used. The model for the (111) surface was used to show the 

thermodynamically favorable formation of S2 dimers at the molecular level, whereas it is shown 

in (111) surfaces how S-S bonds might affect process involved in the reaction H2S and CuO.  These 

models are depicted in Figure 2.  

 

Figure 2. Top view (above) and side view (below) of surface models for a) CuO (111) surface b) 
CuO (111) and c) sulfided CuO (111) considered in this study, showing also 3-fold coordinated 
oxygen atoms (O3c) and 4-fold ones (O4c). Note that in the side view (below) the unit cells are 
within dashed lines, with the adjacent one shown for visual purposes. 
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The CuO (111) and (111) surfaces were selected for study as they are the most stable 

thermodynamic surfaces (surface free energies of 0.75 and 0.89 J m-2 respectively)27 and are 

experimentally found in CuO materials 7. Both of them are structurally similar, featuring two types 

of surface oxygen atoms, namely O3c and O4c. The former is coordinated to three copper atoms, 

whereas the second one to four copper atoms. They differ notably in reactivity towards H2S 

molecules, as will be shown in an upcoming work of our group. O3c centers react first with H2S 

molecules than with O4c, giving a partially sulfide surface, from which polysulfide species on the 

surface can be formed, as it is shown in section 3.4. These surface models were built from the CuO 

bulk unit cell above described with the ASE software package.31 The slab thickness was four layers 

(~8 Å for both surfaces), with a 20 Å vacuum gap between slabs. The Brillouin zone was sampled 

using a 3x3x1 Monkhorst-Pack32 k-points mesh. A dipole correction was added to avoid spurious 

inter-slab interaction.33 

Finally, reaction Gibbs free energies for the surface processes studied computationally were 

calculated from DFT energies. ΔH for a given process was approximated with DFT energies, i.e.:  

ΔG = ΔH - TΔS ≈ ΔEDFT – TΔS                                               (1) 

In section 3.4, when discussing briefly results about net reactions of H2S with CuO surfaces, we 

took into account the gaseous entropy of involved molecules, namely H2S and H2O. For example, 

for the adsorption of H2S over a CuO surface at constant temperature: 

ΔG = ΔH - TΔS ≈ ΔEDFT – TΔS = ΔEDFT – T [Sfinal – Sinitial]                       (2) 

with Sfinal= Ssurface+admolecule and Sinitial=Ssurface + Smolecule. Since there is no strong distortion and 

change of the surface systems we assumed that the change in free energy for the surface was 

negligible, and hence that Ssurface ≈ Ssurface+admolecule. Therefore, we approximate ΔG in processes 

involving gaseous H2S or H2O as: 
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ΔG ≈ ΔEDFT + TSmolecule                                                       (3) 

However, most of the computational discussion deals with sulfur-sulfur bond formation over CuO 

surfaces, in which few bonds are formed and broken without changing the coverage or forming 

new gaseous species. Therefore, we assume entropy is not varied notably in this case and for 

processes involving the formation polysulfide species we set: 

Sfinal step≈ Sinitial step                                                               (4) 

ΔS=Sfinal step-Sinitial step ≈ 0                                                           (5) 

ΔG = ΔH - TΔS ≈ ΔEDFT – TΔS ≈ ΔEDFT                                              (6) 

Note that negative energy values mean a thermodynamically favorable process. 

3. Results and Discussion   

3.1. Structural characterization of fresh CuO sorbents  

Table 1 summarizes the key physical characteristics of the five samples, CuO-1 – CuO-5. The 

diffraction patterns for all samples, Figure S4, show characteristic peaks of single-phase 

monoclinic CuO. (XRD patterns of sulfided CuO are shown in Figure S5 and will be discussed in 

subsequent sections.) The crystallite sizes of the CuO sorbents were determined using Scherrer’s 

formula based on 2θ=38.8°, CuO (111), and are summarized in Table 1. The crystallite sizes range 

from 2.8 nm for CuO-1 to 40 nm for the lab-synthesized nanofibrous sample (CuO-5). The 

estimated d-spacing for the (200) plane for all samples (2.29-2.30 Å) match literature12 and 

confirm the formation of pure monoclinic CuO. The results of N2-physiosorption experiments are 

summarized in Table 1, and they reveal comparable surface areas (44.5 to 67.3 m2 g-1) and pore 

volumes (0.079 to 0.181 cm3g-1) for all the samples except CuO-5. The notably low surface area 

and void volume for the nanofiber sample is due to the electrospinning process which produces 

samples that consist of fibrous networks (nanofibers with diameters between 160-600 nm) with 
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low meso-porosity, as shown in the SEM images in Figure S6. On the other hand, SEM images 

of the lab-synthesized CuO nanoparticles and CuO-1 sample reveal highly textured micrometer-

sized particles consisting of finer agglomerates (<100 nm).  

Table 1. Physiochemical properties of the CuO sorbents. [a]Based on XRD peak at 2θ=38.8°. 
[b]First shell oxygen coordination number based on EXAFS fits of Cu K-edge (See Supporting 
Information). [c]BET method. [d]BJH method. [e]Fixed bed experiments at 298 K with 90 cm3(STP) 
min-1 of 1000 vol-ppm H2S/N2 at 1 atm total pressure.   

Sample 
ID Morphology Crystallite 

size (nm)[a] N (Cu-O)[b] Surface area 
(m2g-1)[c]  

Pore volume 
(cm3g-1)[d] 

Conversion  
(%)[e] 

CuO-1 Nanoparticles 2.8 3.0 ± 1.0 67.3 0.139 44 
CuO-2 Nanoparticles 7.0 2.5 ± 1.1 59.1 0.079 28 
CuO-3 Nanoparticles 11 3.2 ± 0.4 44.5 0.102 24 
CuO-4 Nanoparticles 23 4.0 ± 0.6 58.8 0.181 14 
CuO-5 Nanofibers 40 5.4 ± 0.5 7.23 0.006 3 

 
Figure 3 shows the Cu K-edge XANES spectra for the five CuO sorbents. The spectral features 

for all samples agree qualitatively with a recent XAFS exploration of copper oxide materials.34 

The small pre-edge feature at 8979 eV results from a Cu 1s à 3d9 dipole forbidden transition that 

is completely absent in compounds with the Cu+ oxidation state due to its fully occupied d shell. 

This suggests a 2+ oxidation state of Cu in these samples, which is consistent with the electronic 

structure of Cu in CuO. Moreover, the best-fit model of the Cu K-edge EXAFS data for all the 

samples contain only scattering paths matching monoclinic CuO (see Table S1 for a summary of 

the best fit parameters for the fresh materials). The spectra and fits are displayed in Figures S7- 

S11 for fresh CuO samples, and in Figures S12-S15 for spent samples. Section 3.3 (and Figures 

S16-S17) of the SI provide additional details regarding analysis of CuO EXAFS. 
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Figure 3. Normalized Cu K-edge XANES spectra for CuO sorbents of different average 
crystallite sizes: CuO-1 (2.8 nm), CuO-2 (7nm), CuO-3 (11 nm), CuO-4 (23 nm) and CuO-5 (40 
nm). 

The change in the height of white line in the XANES is consistent with literature, where, in 

the absence of any chemical change to the material, the height of the white line correlates positively 

with crystallite size of transition metal oxide systems such as CuO.35 This amplitude change is also 

accompanied by a change in the magnitude of the oscillations found in the post edge region of the 

spectra, i.e. the EXAFS signal. As a result of this change in magnitude, the coordination numbers 

of each of the constituent scattering paths derived from fitting the EXAFS signal also change. 

Table 1 summarizes the coordination numbers of the first shell Cu-O single scattering path as 

determined by the best-fit model for Cu K-edge EXAFS of the samples. The model-estimated 

coordination number decreased as crystallite size decreased, with the lowest estimate of 2.5 ± 1.1 

in CuO-2 (7 nm) as compared to 5.4 ± 0.5 in CuO-5 (40 nm). Figure 4 further demonstrates this 
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relationship between crystallite size and coordination number for the first two oxygen scattering 

paths. The figure shows clearly an increase in the average coordination number with crystallite 

size increase (CuO-2 < CuO-3 < CuO-4 < CuO-5) for both scattering paths. Estimating the 

coordination numbers in fresh samples proved to be essential for fitting the partially sulfided 

materials. The Cu-S paths were fit to characterize the formed sulfides, while the Cu-O path lengths 

were fixed to their fresh materials’ counterparts, with the necessary conversion adjustment (See 

section 2.4).  

 

Figure 4. A plot of the coordination numbers of the first two oxygen scattering paths based on 
the EXAFS fits of the Cu K-edge spectra for the five CuO samples. The horizontal lines 
represent the bulk coordination numbers of the first two scattering paths in the CuO structure.  
 
3.2 Determination of sorption capacities and kinetics from various techniques 

Fixed bed sorption and in-situ XAS experiments at Cu and S K-edges were performed to study 

the sulfidation kinetics of the sample that exhibited the highest conversion, CuO-1, at different 

temperatures (323 K, 353 K, and 383 K). The effect of crystallite size has been explored in earlier 

work showing that a decrease in size leads to an increase in the removal capacity and a decrease 
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in the sorption rate parameter.7 It was demonstrated that the lower sorption rates in smaller crystals 

leads to extended kinetic regimes allowing for higher conversion.6 These previous studies also 

demonstrated that the average kinetics and capacities determined from a small number of particles 

using synchrotron-based techniques (i.e., 1 mm x 3 mm beam window for in-situ bulk XAS and 

10-20 µm diameter particles for transmission X-ray microscopy6) are similar to those deduced 

from the breakthrough curves of a 0.3 mL fixed beds. This work focuses on the effect of 

temperature on kinetics and conversion to study the relationship between determining capacities 

and kinetics using different techniques (i.e., fixed beds and in-situ XAS at the Cu and S K-edges). 

The fixed bed sorption experiments yielded H2S concentration breakthrough curves (Figure 

S18) from which the sorption capacities and linear driving force rate parameters can be estimated. 

A linear driving force model that is zero order in H2S concentration (see Section 2.3.1 of the SI) 

describes the breakthrough curves at 323 K, however, at 353 and 383 K, a model that is first order 

in H2S concentration describes the curves.36 The values of rate parameter and conversion of CuO 

are summarized in Table S3. The results show a consistent increase in conversion with an increase 

in temperature, with complete conversion achieved at 383 K. Moreover, the sorption rate 

parameter increased following an Arrhenius law relationship with an apparent activation energy 

of 23.5 kJ mol-1. In our previous study,6 we demonstrated that bulk mass transfer and macropore 

diffusion are negligible for pellet sizes of ~75 µm and flowrates of 90 cm3(STP) min-1. Under these 

conditions, reaction rate parameters account for reaction-diffusion phenomena in  particles with 

less than ~10 µm diameters (as identified by Transmission X-ray Microscopy).6 Thus, temperature 

effects on both reaction and diffusion are likely reflected in this measured activation energy, 

however, determining the rate of growth of the product layers is required to quantify the relative 

contributions of diffusion and reaction to the sorption rate, a task that is beyond the scope of the 
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experiments presented herein. Nonetheless, the rate parameters and activation energy can be useful 

for semi-quantitative comparison with in-situ XAS results.  

These in-situ XAS experiments (see Figures S20-S22) were performed for the same sample 

(CuO-1) and conditions (1000 ppm-vol H2S/He at 323, 353 and 383 K) as the fixed bed 

experiments. At the Cu K-edge, linear combination fitting (LCF) was used to determine the 

CuO/CuS ratio at every scan-time point, where the spectra of CuS and fresh CuO-1 were used as 

fitting references. At S K-edge, the edge steps of the spectra were correlated to the extent of 

conversion, where the saturation edge step for 383 K (complete conversion) was used as a scaling 

factor. The contribution of H2S gas was subtracted from spectra for accurate CuS quantification. 

Figure S19 presents the conversion curves for these runs, which were analyzed using the random 

pore model (RPM).37 Similar to the fixed bed experiments, conversion increased with temperature, 

and complete conversion was achieved at 383 K. Conversion estimates based on Cu and S K-edge 

XAS data were similar to conversions measured from fixed beds after similar time of exposure to 

H2S on stream (Table S3).  

The rate parameters and effective diffusivities determined from Cu and S K-edge experiments 

are summarized in Table S3. The 95% confidence intervals for the rate parameters are larger 

(>20% of the parameter value) than those for the diffusivities (less than 10% of the parameter 

value), which results from shorter kinetic regimes (i.e., few data points) compared to diffusion 

controlled regimes. Comparisons of the effective diffusivity values are within the same order of 

magnitude for both edges, and the activation energies determined from the two experiments 

conducted at the two edges are within 25% agreement (and less than a factor of 2 larger than the 

activation energy determined from the fixed bed studies). Thus, we conclude (similar to our 

previous work) that the kinetic information derived from our in-situ XAS experiments is 
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representative of the kinetics derived from analysis of fixed bed breakthrough curves and is 

suitable for interpretation of the phenomena that occurs during reaction H2S sorption.   

3.3 Speciation of sulfidation products 

The conversion of CuO to CuS is incomplete for all of the sorbents at 1000 ppm-vol H2S and 

298 K (see Table 1). The conversion ranges from a high of 44% for CuO-1 to a low of 3% for 

CuO-5. This makes the speciation of the sulfidation products somewhat challenging as there is a 

mixture of species present. However, using a combination of S K-edge XANES, Cu K-edge 

XANES and EXAFS, and XRD on these spent samples, it is possible to identify the sulfide copper 

species that are formed. These experiments focused on exploring the effect of crystallite size of 

the CuO starting material and the effect of temperature on the formed copper sulfide species. 

Figure S5 presents the XRD patterns of the CuO sorbents after reaction in fixed bed 

experiments at 1000 ppm-vol H2S 298 K, and 1 atm. For all samples, a peak at 2θ = 48° is observed 

in the pattern of the spent samples, which corresponds to the (110) plane of hexagonal copper (II) 

sulfide (ICSD 16025). Nevertheless, the low conversion (3-28% as summarized in Table 1) along 

with the overlap of XRD patterns of most sulfides (Figure 5) suggests that XRD alone is 

insufficient in determining the speciation of the formed sulfides. Furthermore, Figure 6 shows the 

XRD patterns of spent CuO-1 samples following sulfidation at 323 K, 353 K and 383 K. The 

patterns show significant broadening of the monoclinic CuO peaks and a consistent increase in the 

intensity of the 2θ = 48° peak with temperature increase. This is consistent with the increase in 

conversion with temperature observed in the fixed bed experiments (54-100% for 323-383 K). We 

note that the conversion of CuO-1 at 383 K is 100% (see Table S3 and discussion in Section 3.2). 

While the XRD results for both sets of samples suggest the formation of CuS (covellite), they are 

insufficient to conclusively identify specific CuS phases and whether any distortions are present. 
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Figure 5. Crystal structures, compositions, oxidation states of Cu and S, and X-ray diffraction patterns for low-chalcocite, high-
chalcocite, Djurleite,38 Anilite,39 Geerite,40 Roxbyite,41 and Covellite.9 Red spheres represent Cu while yellow spheres represent S. 
The structures are produced using Mercury 3.8 structural visualization application.42  
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Figure 6. Diffraction patterns of fresh CuO-1 sorbent and spent samples for runs at 323, 353, 
and 383 K (using 1000 ppm-vol H2S/N2 and 90 cm3(STP) min-1). The XRD of spent samples are 
collected at 298 K and 1 atm after sulfidation at elevated temperatures. Blue diamonds 
correspond to characteristic CuO peaks and red triangles correspond to characteristic CuS peaks.   

 
Since different Cu2-xS structures have different electronic and coordination environments of 

the S and Cu atoms, XANES provides insight into the type of species that is formed. Figure 7 

shows the S K-edge XANES of the spent CuO-1 sample at 323 K, 353 K and 383 K, and CuO-2 

and CuO-3 spent at 298 K. Three main observations can be made from this figure: (1) The white 

line amplitude (peak a) decreases with a decrease in crystallite size, (2) the white line is shifted to 

lower energy for spent samples at elevated temperatures (353 K and 383 K), and (3) a small pre-

edge peak (peak b) is present only at elevated temperatures (353 K and 383 K). The first 

observation aligns with the discussion of the relationship between crystallite size and white line 

intensity in the fresh Cu K-edge XANES. The two other observations provide an evidence for the 

formation of different Cu2-xS species at elevated temperature. 
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Figure 7. Normalized S K-edge XANES spectra for samples CuO-2 and CuO-3 after reaction at 
298 K and CuO-1 after reaction at 323, 353, and 383 K (1000 ppm-vol H2S/He, 298 K and 1 
atm). The scans were collected under flowing He. Experimental conversion of each sample is 
indicated in the figure legend.  

 
In the S K-edge XANES of the reference covellite (CuS, Figure 8), there are two characteristic 

pre-edge features, denoted as (b) and (c). These features have previously been assigned to a S2- 1s 

à Cu2+ 3d9 transition (2469.9 eV) and a S2
2- 1s à Cu2+ 3d9 transition (2470.7 eV).11 It is apparent 

from the spectra shown in Figure 8 that in the spent CuO-1 samples at 383 K, both pre-edge peaks 

are present, but the second peak (b) is absent in the spectra collected on the spent sample at 323 

K. (The conversion of CuO-1 at 383 K is 100%, Table 2). This difference is further highlighted 

by the second derivative plots of these spectra (inset of Figure 8). The white line (peak a) is 

assigned to a S2
2- 1s à 3p transition,11 confirming the presence of S2

2- in all spent samples. Thus, 
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rather than indicating the absence of disulfide ions, the absence of peak (b) in spent samples at low 

temperatures (298 and 353 K) indicates that the geometry of the S2
2- in these samples differs from 

that of S2
2- in bulk covellite (CuS). The pre-edge feature (peak b) is dipole forbidden and 

quadrupole allowed, and thus, it is present as a weak transition. When this feature is additionally 

forbidden by symmetry or spin inversion selection rules, it will be so weak that it will no longer 

be distinguishable from the background. Thus, the transition S2
2- 1s à Cu2+ 3d9 must also be 

forbidden by symmetry selection rules for the CuO-1 samples after reaction at 298 and 353 K.  

 
Figure 8. Normalized S K-edge XANES spectra for CuO-1 spent at 323 K and 383 K, and two 
copper sulfide references (CuS and Cu2S). The spectra are offset for clarity. The inset shows the 
second derivative spectra of the spent samples highlighting the absence of peak b (S2

2- 1s à 
Cu2+ 3d9) in the sulfided sample at 323 K.  
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To further explore whether the blue shift (shift to higher energy) of white line is characteristic 

only of spent samples at lower temperatures, in-situ S K-edge XANES spectra of CuO-1 

sulfidation at elevated temperatures (353 K and 383 K) are inspected. Interestingly, the CuS 

species formed in the beginning of the sulfidation process at elevated temperatures matches those 

in spent samples at low temperatures (See Figure 9 for 353 K and Figure S22 for 383 K). Figure 

9 shows the move towards a dampened white line at lower energy, and the emergence of peak b 

as the reaction progresses at 353 K. Similar behavior is observed at 383 K (Figure S22) where the 

early spectrum, at low conversion, does not show the presence of peak b. This suggests that the 

formation of this distorted CuS is independent of temperature and its presence is primarily 

dependent on the total conversion of CuO to CuS. Thus, because the sulfidation begins at interfaces 

(both the solid-gas interface and crystallite interfaces in the bulk), we suggest that it is at these 

interfaces that a geometrically distorted CuS structure is formed. As conversion proceeds, the 

intensity of peak b at 2470.7 eV (associated with the spectral features of bulk covellite) also 

increases, indicating the formation of bulk CuS away from the reaction interfaces.  
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Figure 9. Normalized in-situ S K-edge XANES spectra for sample CuO-1 during sulfidation at 
353 K, 1000 ppm-vol H2S/He and 1 atm. 

 
Concurrent with the growth of peak b, is the red shift (lower energy) of the white line observed 

at the latter stages of the sulfidation process at elevated temperatures. This peak is associated with 

a S2
2- 1s à 3p transition15 and it results from the hole character in the S2

2- 3p orbitals due to the 

delocalization of these orbitals onto the electron deficient metal center. The more electron-

deficient metal centers are, the easier it will mix with the 3p orbitals of S2
2-. Thus, small shifts in 

the energy of this peak can indicate the oxidation state of the metal center itself.11 In other words, 

the environment of S2
2- in spent samples at low temperatures is more electropositive than that of 

S2
2- in bulk covellite. This further supports our theory of distorted CuS structure at the interface of 

CuO. The higher energy contribution of this peak, in the interfacial region, is because of the Cu2+ 
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centers that are bonded to both O2- and S2
2- ligands. These centers are more electron deficient than 

Cu+/Cu2+ centers in bulk covellite which are only bound to S2- and S2
2-. It is these same S2-Cu-O 

centers which are responsible for the strained geometry that causes the disappearance of the 2470.7 

eV peak. 

3.4 Impact of CuS structure on reaction mechanism 

Computational simulations using Density Functional Theory on CuO surfaces show that sulfur 

exhibits a tendency towards forming S-S bonds at the surface. DFT studies carried out by our 

group on CuO (111) and (111) surfaces, show that, upon dissociative adsorption of H2S molecules 

on CuO surfaces (which results in CuO sulfidation and formation of water), sulfur atoms 

progressively replace oxygen atoms.43 The net Gibbs free energies for the reaction of CuO (111) / 

(111) surfaces with a H2S molecule is -106 kJ mol-1 and -93 kJ mol-1, respectively, when involving 

the exchange of O3c atoms with sulfur atoms, and -52 kJ mol-1 and -8 kJ mol-1 if H2S reacts with 

O4c atoms, although the latter values get more favorable if O3c atoms have already been exchanged 

with S atoms, making ΔG then -101 and -75 kJ mol-1, respectively. 

As the reaction progresses and more H2S is adsorbed (thus releasing H2O), the sulfur coverage 

on the oxide surface increases, at which point close sulfur atoms start interacting among them via 

bonding, which results in sulfur dimers appearing on the surface. To this regard, we have found 

that the formation of S2 dimers from adjacent sulfur atoms is thermodynamically favorable, with 

a calculated Gibbs free energy of reaction of ΔG=-47 kJ mol-1. Adsorbed S atoms on the surface 

tend to form disulfide bonds, as depicted in Figure 10. In this example, one S atom three-fold 

coordinated (S3c) to three copper atoms approaches another S3c atom, initially at 3 Å of distance. 

The first S atom (left one in Figure 10) breaks one Cu-S bond and gets bonded to the other S atom 

(right one in Figure 10), remaining three-fold coordinated (to two underneath Cu atoms and one 
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S atom), whereas the second S atom gets a four-fold coordination (to three underneath Cu atoms 

and one S atom). The newly formed S-S bond has a length of 2.104 Å (for reference, the 

experimentally measured S-S distance in covellite is 2.071 Å).44 The fact that, upon increasing 

sulfur coverage (i.e. as reaction progresses), the S atoms tend to interact among themselves to form 

S2 dimer units is in agreement with our experiments showing the presence of S2-like units during 

sulfidation of CuO samples. These computational results support the presence of S2-like units as 

sulfidation occurs, showing that their formation at the molecular level is thermodynamically 

favorable. 

 

 

Figure 10. Formation of a S2 dimer upon S-S bonding by two S adatoms on a sulfided CuO 
(111) surface (Local minima, no transition state is shown). a) Side view showing the S-S bond 
length b) Top view showing the Cu-S distances of coordinated Cu atoms to the S2 unit. 

Additionally, reaction pathways for H2S adsorption on the CuO (111) surface show that 

intermediate structures featuring disulfide bond formation are more favorable than equivalent 

counterparts without the presence of such bonds. This is exemplified in two pathways, the first on 
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a bare CuO (111) surface where multiple H2S molecules participate in the reaction and the second 

one on a partially sulfided CuO (111) surface where only one H2S molecule is involved.  

 
Figure 11. Local minima along part of the reaction pathway on a bare CuO (111) surface 
showing that disulfide bond formation (white box) lowers the reaction free energy, facilitating 
OH migration. The black arrows on the left and center show the OH group that migrates. In the 
right the black arrow shows the Ovac healed by the S atom. These elementary steps are part of the 
reaction pathway in which H2S molecules are adsorbed on CuO surfaces producing at the end 
sulfided surfaces and H2O. 

In the first case, disulfide bond formation stabilizes the intermediate structure in a step that 

requires migration of a hydroxyl group, as shown in Figure 11. Only the part of the reaction 

involving hydroxyl migration is shown, with the case featuring disulfide formation in blue, and 

the case that does not in black. This is an energetically costly process since the hydroxyl is 

displaced from its equilibrium position on the lattice to a metastable position. However, with 

favorable sulfur-sulfur interaction, this migration step requires only +24 kJ mol-1, compared to +43 

kJ mol-1 in the absence of S-S pair. The results highlight that disulfide bond formation is a 

favorable interaction that facilitates the migration of the OH group. 
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In the second case, a partially sulfided CuO (111) surface is used to simulate the surface in 

later stages of the reaction, where disulfide bond formation lowers the energy of the structure for 

the elementary steps involving the formation of a second surface hydroxyl and the subsequent 

hydroxyl migration. Two S-S bonds preferentially form (blue line for the energy and blue labels 

for the B and C structures in Figure 12). In addition, the presence of a second disulfide bond makes 

the otherwise endothermic hydroxyl migration step exothermic (from B to C in Figure 12), a step 

which is necessary for water formation. Observation of disulfide bond formation in energy 

minimization calculations for proposed elementary steps of reaction suggests that disulfide bond 

formation is favorable during the reactive sorption of H2S on CuO. These results further support 

our claim of the dominant presence of the disulfide ions on the surface of CuO crystallites which 

contributes significantly to the XANES signal at lower conversions. 

 
Figure 12. Local minima along part of the reaction pathway on a partially sulfided CuO (111) 
surface where one H2S molecules participate in reaction, showing the formation of a disulfide 



	

32 
	

bond (white boxes) and its assistance on the further migration of a surface OH group (from step 
B to C). Black arrow on A shows the just formed OH from H2S deprotonation. Black arrows on 
B show the second OH formed HS deprotonation. Black arrows on C show the migrated OH (the 
second OH is not shown. It is located outside the snapshot and it is not relevant for the process 
intended to be shown here.). 

 
Finally, XANES spectra taken at the Cu K-edge of the spent samples (Figure 13A) show that 

as temperature of sulfidation increases from 323 K to 383 K, the features of the CuO starting 

material, most notably the intense white line at 8998 eV, fade while the features of the covellite 

form of CuS grow in. Using tenorite (CuO) and covellite (CuS) standards as the basis set, linear 

combination analysis was performed to determine the degree of sulfidation in these materials. The 

results are shown in Table S3, showing a clear increase in total conversion of CuO to CuS as a 

function of temperature, with 100% conversion at 383 K. In all spectra, there is a peak around 

8978-8979 eV (highlighted by first derivative plot in Figure 13B). This peak is only present in 

compounds containing Cu2+ and is absent in the Cu2S standard (yellow trace), as it results from a 

Cu2+ 1s à 3d9 transition.11 Because this peak is forbidden by dipole selection rules, it is much 

weaker in systems with centrosymmetric ligands (as is the case of CuO) due to decreased p/d 

orbital hybridization. However, the presence of this peak in spent samples agrees with previous 

studies of CuS in the covellite structure.10 Further evidence that Cu2+ is present in spent samples 

can be readily seen when comparing the first derivative of the XANES region (Figure 13B) for 

these materials. The sample sulfided at 323 K shows a weak pre-edge feature at 8979 eV, both 

because the material only contains 40% CuS, and because much of the CuS that forms is in a 

strained geometry. However, the strong single peak at 8980 eV from the Cu2S standard is 

completely absent in the 323 K spent sample, indicating the lack of the formation of a Cu+-S-2 

species in this reaction.  
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Figure 13. A) Normalized Cu K-edge XANES spectra for fresh CuO-1 sample, spent CuO-1 
samples at 323, 353, and 383 K (1000 ppm-vol H2S/He), and two copper sulfide references (CuS 
and Cu2S). B) First derivative spectra of A highlighting the pre-edge feature (dashed line) 
associated with Cu2+ 1s à 3d9 transition. Spectra offset for clarity. 
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Furthermore, the structure of the spent CuO species were analyzed by fitting of the EXAFS 

region of the Cu K-edge (Table S2 and Figures S12-15). By fixing the Cu-O contributions to the 

spectra and fitting the Cu-S scattering paths, it can be seen that covellite is a good fit for the spent 

material at higher conversions (353 and 383 K). At lower conversion, the Cu-S bond distance is 

appreciably longer (2.30 ± 0.02 Å at 323 K versus 2.26 ± 0.01 Å in covellite reference and sample 

spent at 383 K). In complement to the results at the S K-edge, this indicates that while the Cu is in 

a similar oxidation state to that in covellite at lower conversions, a strained geometry is generated 

by the initial sulfidation of the material. Finally, the coordination numbers of the Cu-S paths, 

derived from EXAFS models in the spent samples, were consistent with the change in conversion 

as temperature increased: 1.5 ± 0.5, 3.3 ± 0.1 and 3.4 ± 0.4 at 323 K, 353 K, and 383 K, 

respectively. These compare with 3.67 coordination in the averaged CuS model.  

4. Conclusion  

In conclusion, this study sheds light on the sulfidation mechanism of CuO sorbents during the 

uptake of H2S. In particular, data are presented highlighting a unique structure at the interfacial 

CuO-CuS area which, consequently, unravels mechanistic details of the sulfidation process. S K-

edge XANES showed evidence of S2
2-, characteristic of CuS, for all spent samples, with a 

geometrically strained and more electropositive S2
2- form at lower conversions (Spent samples at 

298 K and 323 K and early in-situ sulfidation spectra of 353 K and 383 K). These differences are 

because the initially formed disulfide groups are bonded to Cu2+ which are bonded to O2- in bulk 

CuO, as compared to S2
2- in bulk covellite which are connected to Cu+/Cu2+ that are bound to S2- 

and S2
2.  The DFT simulations of CuO sulfidation paths (non-sulfided and partially sulfided (111) 

and (111) surfaces), suggest that the formation of disulfide ion is, indeed, thermodynamically 

favorable in the initial sulfidation stages which aligns with our findings from S K-edge XANES. 
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Finally, the Cu K-edge EXAFS fits of the sulfided samples show longer Cu-S scattering paths at 

lower conversions which, again, supports the strained interfacial geometry theory.  
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