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Abstract 

X-ray absorption near edge structure (XANES) spectroscopy is widely used for operando 

catalyst characterization. We show that, for highly fluxional supported nanoclusters, the customary 

extraction of the oxidation state of the metal from the XANES data by fitting to the bulk standards 

is highly questionable. The XANES signatures, as well as the apparent oxidation state for such 

clusters arise from a complex combination of many factors, and not only from the chemical 

composition in reaction conditions (e.g. oxygen content in oxidizing astrosphere). The thermally-

accessible isomerization and population of several structurally distinct cluster forms, cluster-

support interaction, and intrinsic size effects all impact the metal oxidation state and XANES 

signal. We demonstrate this on copper oxide clusters with different compositions, Cu4Ox(x = 2–5) 

and Cu5Oy (y = 3, 5), deposited on amorphous alumina and ultrananocrystalline diamond (UNCD), 

for which we computed the XANES spectra and compare the results to the experiment. We show 

in addition that fitting the experimental spectrum to calculated spectra of supported clusters can in 

contrast provide good agreement and insight on the spectrum-composition-structure relation. 

Experimental XANES interpreted using the proposed fitting scheme shows the partial reduction 

of Cu oxide clusters at rising temperatures, and pinpoints the specific stoichiometries that dominate 

in the ensemble of cluster states as the temperature changes.  
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Introduction 

Over the past few decades, there have been considerable advances in understanding the X-

ray absorption near edge structure (XANES).1–3 The strong scattering of the photoelectron and 

weak inelastic losses in this region, which is within ca. 30 eV of threshold, make XANES a 

powerful technique to reveal the structure of systems of interest.2 XANES has been used to extract 

relevant information such as oxidation state and geometry of inorganic metal complexes as well 

as metal and metal oxide surfaces.4–8 XANES is sensitive to geometry and to the oxidation state 

of the metal center, which makes it an important tool to distinguish between different structures.9–

12 The pre-edge region can be used to estimate the ligand field, spin state, and centrosymmetry of 

the site.13–17 On the other hand, the rising-edge region can give information about geometric 

structure, metal-ligand overlap, ligand arrangement, and charge on the metal center.2,18–22 

Recently, XANES has been used to interpret covalency of actinide complexes.23  

Among the many applications of XANES, it has been used as an informative operando 

technique to study supported metal cluster catalysts in reaction conditions.24–29 In the interpretation 

of these XANES spectra, the bulk metal and metal oxide standards are used for fitting, in order to 

extract the average oxidation state of the metal in the cluster. However, it has been recently shown 

that metal clusters in the subnano regime can be highly fluxional, and that an ensemble of many 

thermally-accessible isomers rather than one stationary global minimum structure is present in the 

reaction conditions.30–38 These minima may differ not only by shape, but also by chemical 

composition, such as oxygen content in reaction conditions. This complication inevitably puts in 

question the usual practice of interpreting the operando XANES spectra for cluster catalysts. In 

fact, some aspects of this practice have been challenged already. Anderson et al.39 have shown that 

there is a shift toward higher energies in the Pt L3 edge of Pt24/SiO2 relative to the bulk Pt which, 

at first glance, might be attributed to the increase in the oxidation state of the cluster. However, 

additional analysis of the oxidation state obtained from X-ray photoelectron spectroscopy (XPS) 

shows that the shift is due to the inherent size effects in the nano regime rather than change in the 

oxidation state of Pt. In addition, Bare and co-workers elucidated the structure and dynamics of 

PtSn/Al2O3 nanoclusters under working conditions by combining X-ray absorption spectroscopy 

and ab initio molecular dynamics.29 Furthermore, molecular dynamics simulation has been used 

to generate X-ray absorption fine structure (XAFS) spectra by generating a trajectory of the fully 
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equilibrated chemical system also known as the statistic ensemble of the system.40 For each 

snapshot in the trajectory, XAFS is calculated for the atom(s) of interest until an ensemble average 

spectrum is built based on the contributions from all of the structural information in the ensemble. 

We should note that this technique has been mainly used to characterize the structure of solvent 

molecules (mainly water) surrounding various metal complexes, cations, and anions in a 

solution,41–50 or at interface.51 In situ XAFS along with NMR have also been used to investigate 

dehydrogenation of dimethylamine borane catalyzed by Rhodium based complex under working 

condition.52 

Here, we study small supported, partially oxidized Cu clusters, and focus on the Cu K-edge 

in XANES.6,11,53 We show that caution is necessary when interpreting the experimental operando 

XANES data for structurally fluxional nanoclusters. One extreme example is Cu5O5/UNCD, which 

has numerous isomers with significantly different geometries that can be present at the interface 

simultaneously, at high temperatures. In the case of Cu4Ox/Al2O3, the specific binding to the 

support also non-trivially influences the XANES signal. Overall, due to the sensitivity of XANES 

to the geometry of the environment surrounding the metal center, the influence of the support on 

the cluster, and the inherent size effect in this regime, the apparent oxidation state derived from 

the experimental spectra should be (i) ensemble-averaged over multiple thermally-accessible 

structures, and (ii) not directly mapped on the chemical composition. We show that fitting to bulk 

standards does not provide reliable compositions for these nanoscale clusters. Instead, fitting the 

experimental XANES to a group of computed XANES spectra of clusters with different 

compositions gives a much more accurate information about the chemical composition of the 

dominant cluster in reaction conditions. From these fittings, we derive the compositional change 

of partially oxidized supported Cu clusters at varying temperatures.  

 

Experimental Methods 

The experimental spectra for the Cu5Ox/UNCD were taken from Ref. 79. For the alumina 

supported systems, the Cu cluster samples were prepared in a magnetron sputtering source housed 

in a high-vacuum chamber.54,55 Thereafter, clusters of 4-atoms were selected using an ion guide 

assembly55 and softly landed on the substrate with impact energy lower than 1 eV per atom. This 
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ensures that clusters do not undergo fragmentation upon landing.56,57 The substrates were prepared 

by atomic layer deposition (ALD) of alumina on top of a native oxide of a Si wafer.55 The cluster 

surface coverage is maintained as low as 10% of atomic monolayer equivalent, covering two spots 

of 8 mm diameter. GISAXS (Grazing Incidence Small Angle X-ray Scattering) data show no 

cluster agglomeration occurring at higher temperatures (see Fig. S4).  

The cluster samples were exposed to a gas mixture containing 2% propane and 2% of 

oxygen in helium under a pressure of 1.1 atm. The samples were heated up to 773 K, and XANES 

spectra were collected at the Cu K-edge (8.976 keV) at several intermediate temperatures.58  

 

Computational Methods 

All Cu5O5/UNCD and Cu5O3/UNCD local minima geometries were obtained with plane 

wave density functional theory calculations implemented in Vienna Ab initio Simulation Package 

(VASP)59–62 using projector augmented wave (PAW) potentials63 and the PBE64 functional. For 

the geometry optimizations, kinetic energy cutoffs of 400.0 eV and convergence criteria of 10−5 

(10−6) eV for geometric (electronic) relaxations were employed. In addition, Gaussian smearing 

with the sigma value of 0.1 eV was used. The UNCD surface is represented by a slab model, which 

was grown from a diamond unit cell with the experimental lattice constant a = 3.5668 Å to a (4 x 

4) support with the (100) facet exposed and separated by a vacuum gap of >14 Å along the z 

direction.65 A 2 x 2 x 1 Monkhorst-Pack k-point grid was utilized for all UNCD calculations. 

During calculations, the bottom two carbon layers were kept fixed and terminal hydrogens were 

applied to both the top and bottom of the surfaces. The cut-off energy of 0.4 eV was used in order 

to choose the thermodynamically accessible isomers at relevant temperatures. Note that in order 

to produce the initial cluster geometries on the surface we use our in-house code, parallel global 

optimization and pathway toolkit (PGOPT), which automatically generates these structures based 

on the bond length distribution algorithm (BLDA).66 Initial structures for the global optimization 

should be created wisely, i.e. in such a way that they are less prone to suffer from a Self-Consistent  

Field (SCF) convergence problem. By avoiding chemically unfavorable configurations, the 

configuration search space will be reduced which results in the reduction of computational cost 

One way to do so is by restricting the distance of atoms to their closest and second closest atoms 

to follow a normal distribution. In other words, both distances are fitted to normal distribution 
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based on which the initial structures are generated. This generation algorithm based on the 

statistical restriction is called BLDA. This algorithm has been extensively used to sample surface 

supported metal cluster geometries and compared to experimental results and other algorithms 

such as Basin Hopping.33,35,36,38,66–71 Then each structure was optimized using DFT calculation and 

duplicates were removed. The amorphous Al2O3–supported Cu4Ox clusters used in this manuscript 

were obtained by an in-house implemented grand canonical basin hopping method. The details are 

presented in another paper,72 and currently exploited structures refer to the optimized stable 

configurations/stoichiometries under 200 ˚C and 0.5 bar of O2 gas phase. We use the model from 

a previous paper of Cheng et al.73 in order to represent amorphous alumina support. The structure 

optimizations were conducted at the level of DFT with PBE functional being corrected by the 

Dudarev’s scheme74 of on-site Coulomb interaction (𝑈 − 𝐽 = 2.0	𝑒𝑉) for the d orbitals of Cu 

atoms. Spin-polarized calculations were used, and the energy cutoff for plane waves basis sets is 

400 eV.  

The XANES spectra were calculated using the finite difference method (FDM) and Hedin–

Lundqvist exchange-correlation potential implemented in Finite Difference Method Near Edge 

Structure (FDMNES) ab initio package.75,76 FDMNES, both for molecular and periodic systems, 

works in real space. The code builds clusters around the absorbing atoms of interest by reading in 

a radius specified by the user. Then it preforms several independent calculations for non-equivalent 

absorbing atoms. The radius of calculated cluster in this study in order to compute Cu K-edge 

spectra of Cu4Ox/Al2O3(x = 2–5) and Cu5Oy/UNCD(y = 3, 5) is 7 Å. Once the potential is defined 

and constructed, the Schrödinger’s equation is discretized, i.e. the Laplacian is replaced by a 

fourth-order polynomial and solved on a discrete lattice. This procedure is done self-consistently 

to improve the initial constructed potential. This has a significant advantage over the muffin-tin 

approximation in which it is assumed that the potential in the interstitial regions is constant. We 

should note that in order to calculate the potential at the border of the defined cluster properly the 

cluster is embedded in a wider cluster.77 After that, the contributions of different absorbing atoms 

in the system are added together. Lastly, the normalization of the spectra and linear combination 

fitting (LCF) were all done using the Athena software.78 Linear combination fitting was done 

around –10 to 30 eV of the main peak. 
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Results and Discussion 

 Figures 1(a) and (b) show the experimental6 and computed Cu K-edge XANES of bulk Cu, 

CuO, and Cu2O. As can be seen, there is an increase in the energy corresponding to both the rising-

edge and the white line peaks as the oxidation state of copper increases. Note that there is a low-

intensity pre-edge peak in the computed CuO spectrum stemming from the 1s to 3d orbital 

transition, which is usually hard to obtain from the experiment since it is a dipole forbidden but 

quadruple allowed transition. Both theory and experiment indicate that in the bulk Cu K-edge 

XANES the rising-edge and the white line maxima shift to higher energies as the Cu oxidation 

state increases. 

The XANES spectra corresponding to the three lowest energy isomers of Cu5O5/UNCD 

and Cu5O3/UNCD, which are within 0.4 eV of the global minimum,79 are shown in Figure 1(c) 

and (d). The corresponding cluster geometries (A-C) along with their Boltzmann probabilities of 

being populated at 535 K (temperature of specific selectivity in oxidative dehydrogenation of 

cyclohexane catalyzed by these clusters),38–41 are shown in Figure 3(a). It is clear that the shapes 

of the XANES spectra, e.g. the positions of the peaks, depend significantly on the cluster geometry. 

For instance, the position of the rising-edge peaks can vary by more than 4 eV from one isomer to 

another, for both Cu5O5/UNCD and Cu5O3/UNCD. This is actually not unexpected, since XANES 

is sensitive to the geometry around the metal center, and geometries of the minima differ 

significantly, from more open and upright, to closed and globular (Figure 3(a)).  

At reaction temperatures (535–550 K in this case), the populated minima of the cluster with 

different geometries will contribute, as weighted by their populations, to the experimental spectra. 

Hence, the operando XANES measures an ensemble-averaged signal. The relative size of the 

ensemble, and the prevalence of the global minimum in the ensemble are non-trivially system-

dependent. For example, for Cu5O3/UNCD, the global minimum heavily dominates, whereas for 

Cu5O5/UNCD it constitutes only 77% of the population at 535 K. The calculated averaged spectra 

of both systems in Figure 1(c) and (d) should correspond to the experiment more closely than the 

spectra of individual isomers or the global minimum alone. The effect of higher-energy isomers 

on XANES is especially pronounced when the ensemble is not dominated by the global minimum 

structure.  
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Figure 1. (a) Experimental and(b) simulated XANES spectra of bulk Cu, CuO, and Cu2O.(c) Simulated 

XANES corresponding to the three lowest energy isomers (A, B, and C) of Cu5O5/UNCD and (d) 

Cu5O3/UNCD obtained from global optimization. Note the noticeable difference between the shape of 

the spectrum even within the same chemical composition. All spectra are stacked vertically for 

clarity.Experimental spectra were reproduced with permission from refs. 6 and 79. 
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Figure 2. Simulated XANES spectra of the three different isomers of Cu4Ox/Al2O3 (x = 2–5) obtained 

from global optimization. Note the noticeable difference between the shape of the spectrum even within 

the same chemical composition. All spectra are stacked vertically for clarity. 

 

 

N
or

m
al

iz
ed

 A
bs

or
pt

io
n

E(eV)

Cu4O2-A

(a) (b)

(c) (d)

Cu4O2-B

Cu4O2-C

Cu4O2-ensemble

Cu4O3-A

Cu4O3-B

Cu4O3-C

Cu4O3-ensemble

Cu4O4-A

Cu4O4-B

Cu4O4-C

Cu4O4-ensemble

Cu4O5-A

Cu4O5-B

Cu4O5-C

Cu4O5-ensemble



 10 

 
Figure 3. (a) Local minimum structures of Cu5O3/UNCD and Cu5O5/UNCD obtained from global 

optimization, along with their corresponding Boltzmann populations calculated at 535 K. (b)Local 

minimum structures of Cu4Ox/Al2O3 (x = 2–5) obtained from grand canonical ensemble optimization at 

473 K and pO2 = 0.5 bar. Note that for every composition of Cu4Ox/Al2O3 (x = 2–5) the three lowest 

energy isomers with significantly different geometries, thus noticeable different XANES, were chosen. 

 

Do the spectra correlate with the oxygen content, the hallmark of oxidation? All the 

energies corresponding to the rising-edge and K-edge peak of the bulk Cu, Cu2O, and CuO, and 

Cu5O3/UNCD, Cu5O5/UNCD, and Cu4Ox/Al2O3 (x = 2–5) obtained from our calculations are 

depicted in Figure 4 with their values summarized in detail in Table S1. Comparing the spectra of 

the global minima of the more oxidized Cu5O5-A/UNCD (green), and the partially reduced Cu5O3-

A/UNCD (gray) (Figure 1(d)), one can see that the trend is the opposite of what is found for the 

oxidized and reduced bulk Cu systems (Figure 4). From the calculated and experimental spectra 

of the bulk, Cu5O5/UNCD is expected to have higher Erising-edge and Ewhite-line than those 

ofCu5O3/UNCD, but we find this not to be the case. For the bulk calculations there is a 3 eV 

increase in both the rising-edge and white line energies as the oxidation state increases, while there 

is a 3 eV decrease in the white line energy when comparing the global minimum structures of 

Cu5O3/UNCD and Cu5O5/UNCD. 
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Figure 4. Calculated Erising-edge(in red) and Ewhite-line(in blue) peaks corresponding to the bulk Cu, Cu2O, 

CuO, and all of the surface-supported isomers of Cu5O3/UNCD, Cu5O5/UNCD, and Cu4Ox/Al2O3 (x = 

2–5) explored in this letter. It is clear that clusters do not necessarily follow the bulk trend.  

 

The global minimum structure alone is an insufficient model of the catalytic system, as we 

emphasized in the past.30–38 It is clear from Table S1 and Figure 4 that the position of the rising-

edge and white line peaks from one isomer to another for the cluster of the same composition can 

vary up to 4.5 eV and 2.4 eV, respectively (compare Erising-edge of Cu5O3-A and Cu5O5-B, and Ewhite-

line of Cu5O5-A and Cu5O5-B). As a result, some of the Cu5O3/UNCD isomers have higher Erising-

edge and/or Ewhite-line than some of the Cu5O5/UNCD isomers, while others have the opposite trend. 

For instance, Erising-edge and Ewhite-line of Cu5O3-A are higher than those of Cu5O5-A, whereas Cu5O3-

B has lower Erising-edge and Ewhite-line than those of Cu5O5-B. Note that, beyond the representation of 

the cluster as a statistical ensemble of minima, an additional effect may arise due to thermal 

fluctuations within each minimum, which can be captured by ab initio MD. For example, Bare and 

Rehr and co-workers showed what effect thermal smearing could have on the computed XANES.29 

In the end, correlating the shape of the operando XANES spectrum and positions of the peaks, and 

the average oxidation state of the metal in the cluster is far from straightforward. 
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Besides the oxygen content, the electron transfer between the support and the cluster can 

affect the oxidation state of Cu. Our calculations show that UNCD has a relatively low work 

function (3.35 eV, Figure S1) and thus easily gives electrons to the metal oxide clusters. Note that 

the experimental value of the work function is 3.3 eV for nanocrystalline diamond,83 and 3.6 eV 

for nitrogen-doped UNCD.84 The Bader charge analysis shows that the total charge on the cluster 

in Cu5O3/UNCD and Cu5O5/UNCD can be up to –1.69 e and –3.50 e respectively with the charge 

on Cu varying from –0.14 e to 0.76 e.79 Bader charge analysis shows that the average charge of 

Cu in the Cu5O3 isomers is 0.49 e, 0.28 e, and 0.26 e, and in the Cu5O5 isomers it is 0.62 e, 0.38 e, 

and 0.35 e respectively. This shows an increase in the average charge of Cu, which is expected but 

does not necessarily correlate with information obtained from XANES. 

Next, we probed a different support (amorphous alumina), and a broader set of CuO cluster 

stoichiometries, to check if our conclusions are not confined to the specific chemistry of the 

system. Figure 2 shows the calculated XANES spectra of the Cu4Ox/Al2O3 (x = 2–5) clusters. 

These species are the three lowest energy isomers identified through grand canonical global 

optimization(on the quasi free energy surface) in conditions of 0.5 bar O2 and 200 ˚C, 

corresponding to oxidative dehydrogenation of propane.72,79,85 The isomers differ in oxygen 

content and have significantly different geometries for each cluster composition (see Figure 

3(b)).The XANES spectra in this case are intensely dependent on the cluster isomers. First of all, 

since in this case the support itself contains oxygen, and there is a known tendency of copper to 

mix with alumina to form copper aluminate,86–88 the oxygen content of the cluster might be vague 

to define. In other words, Cu binds to the support and may partially dissolve in it, making it hard 

to define the stoichiometry of the supported cluster itself. The oxygen of the support can influence 

the charge on the metal in the cluster and affect the XANES spectrum correspondingly. This shows 

the importance of the nature of the support and how it can affect the shape of the spectrum. 

Furthermore, since the support is amorphous alumina, hydrogen atoms from the hydroxyl groups 

present in the support can migrate to the oxygen in the cluster and affect the charge state of the 

copper. Such structures with spontaneous H reverse spill-over have been seen in the global 

optimization, e.g. isomer C of Cu4O5 on alumina (Figure 3(b)). Such events can significantly 

modify the shapes of the XANES spectra.  
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In the isomer Cu4O2-B, there is an intense pre-edge peak, which stems from the transition 

of 1s electron to the p component in d–p hybridized orbitals. Itis not unprecedented. The transition 

of a 1s electron to a d–p hybridized orbital consists of the electric quadrupole transition to the d-

character component and the electric dipole transition to the p-character component. Here an 

intense pre-edge peak of almost fully occupied Cu d orbitals consists mainly of the large dipole 

transitions to the p-character component. Additionally, the highly asymmetric structure of Cu4O2-

B leads to broken inversion symmetry, and the average Cu-Cu bond distance is ~0.3 Å shorter than 

in other Cu4O2 clusters. Similar intense pre-edge peaks have been reported before for the K-edge 

of Cu in (HC[C(Me)NAr]2)Cu(h2-PhCH=CH2),14 Mn in KMnO4,89–92 Ti in Ba2TiO4, K6Ti2O7 and 

Rb2TiO3,93,94 and Ni in K2Ni(CN)4.2H2O.95 

We also investigated the effect of the varying Hubbard U correction within DFT on the 

shape of the XANES spectra (see Figure S2). For Cu5O3/UNCD, in general, there is no significant 

change in the rising-edge peak of the spectrum after adding Hubbard U to the calculation, while 

the pre-edge peak gets sharper up until U = 5 eV, and decreases afterwards. On the other hand, the 

rising edge shoulder in the Cu5O5/UNCD spectrum slowly converts to a noticeable peak as the 

value of U increases, while the pre-edge peak vanishes. In general, the changes are insignificant 

and do not affect the overall conclusions of this work. 

 Finally, we performed linear combination fitting (LCF) of calculated XANES of clusters 

with respect to the bulk XANES, to assess whether or not the bulk standards are a reliable reference 

for surface-supported fluxional clusters. The obtained coefficients of Cu2O and CuO show the 

contribution of each bulk spectrum to the LCF of each cluster spectrum, as seen in Figure 5 and 

summarized in Table S2. It is clear from Figure 5 that LCF to the bulk spectra does not reliably 

correlate with the oxygen content in the cluster. For example, the fitting shows CCu2O < CCuO for 

Cu5O3-A and CCu2O > CCuO for Cu5O5-A while the opposite trend is, of course, expected. Note as 

well that Cu5O3-A and Cu5O5-A differ not only by the oxygen content, but also by the calculated 

average charge of Cu, which is larger in Cu5O5 than in Cu5O3.79 In addition, in some cases, fitting 

to the bulk standards fails completely for these clusters. For instance, for Cu5O3-B, despite our 

many attempts with different initial guesses for the coefficients, the fitting procedure fails to 

properly fit to both Cu2O and CuO bulk spectra. When it comes to Cu4Ox/Al2O3 (x = 2–5), we see 

less significant of a problem with LCF. In this case, CCuO increases as the number of O increase in 
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the cluster for the global minimum structures (A structures), as expected. However, if we look at 

other isomers, there is no monotonous increase or decrease in CCuO value with the changing O-

content, and instead the value of CCuO fluctuates up and down. 

 

 
Figure 5. CCu2O and CCuO are the coefficients of Cu2O and CuO XANES, respectively, obtained from the 

LCF of XANES of Cu5O5/UNCD, Cu5O3/UNCD, and Cu4Ox/Al2O3 (x = 2–5). In general, there is no clear 

correlation between the obtained coefficients and oxygen content of the clusters. 

 

Figure 6 shows the original computed XANES spectra along with the LCF to the bulk for 

every supported cluster in this study. Although in some cases LCF captures the peaks qualitatively, 

it does not give a decent quantitative position of the peaks, especially in the rising edge area. This 

difference can be more than 5 eV at times, making the LCF of surface-supported clusters to their 

corresponding bulk structure an unreliable method. 
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Figure 6. Solid curves: XANES spectra corresponding to thermally-accessible isomers of (a) 

Cu4Ox/Al2O3 (x = 2, 3) and (b) Cu4Ox/Al2O3 (x = 4, 5), and (c) Cu5O3/UNCD and Cu5O5/UNCD. Dashed 

curves: LCF spectra obtained using the bulk Cu2O and CuO XANES as references.  

 

We also calculated the ensemble average XANES of UNCD- and Al2O3-supported CuO 

clusters. These are more likely to correspond to the operando XANES measurements in realistic 

reaction conditions of T and pO2. Figure 7 compares the experimental Cu K-edge XANES of 

Cu4Oxon amorphous Al2O3 with the ensemble average XANES, LCF to the bulk CuO and Cu2O, 

and LCF to the supported clusters at 423 K. Since we showed that using bulk as reference in order 

to find the chemical composition of clusters is unreliable at times, we tried to use computed 

XANES of clusters as reference for LCF of the experimental data, to obtain more accurate and 

detailed information about the composition of the cluster (Figure 7).The cluster “standards” 

included in the LCF are the global minima of each composition (LCF-cluster1). We also fitted to 
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other higher-energy minima, again one of each composition, but such that they are significantly 

different in shapes (LCF-cluster2). Note that since Cu4Ox/Al2O3 structures were obtained using 

grand canonical basin hopping, ensemble average over different composition is possible, whereas 

Cu5Ox/UNCD (x = 3, 5) structures obtained separately in a  canonical ensemble; therefore, here 

we only discuss Cu4Ox/Al2O3 (x = 2–5).Note that since the energies of copper clusters depend on 

the value of Hubbard U, we choose two different values: U = 2 eV where Cu4O3 is the global 

minimum, and U = 7 eV where Cu4O4 is the global minimum structure in the Cu4Ox (x = 2–5) 

ensemble. 

 

 
Figure 7. Experimental Cu K-edge XANES obtained at 423 K along with the ensemble average over 

Cu4Ox/Al2O3 (x = 2–5), LCF to the bulk, and LCF to the computed XANES of the global minima for 
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different O content (LCF-cluster1) and higher-energy minima (LCF-cluster2) of Cu4Ox/Al2O3 (x = 2–5) 

used as reference. 

 

As can be seen, LCF to the cluster “standards” obviously fits the experiment better (See 

blue and red curves in Figure 7). The obtained R-factor, which is a measure of mean square sum 

of the misfit at each data point, is 0.0028, 0.0046, and 0.1178, for LCF-cluster1, LCF-cluster2, and 

LCF-bulk, respectively. More importantly, TheLCF-cluster1 gives the following composition: 

15.4% Cu4O2, 0.0% Cu4O3, 49.9% Cu4O4, and 34.7% Cu4O5, suggesting that the dominant 

chemical composition of Cu4Ox/Al2O3 at reaction temperature is Cu4O4 followed by a mixture of 

Cu4O5and Cu4O2. However, fitting to the bulk yields 74.5% Cu2O and 24.5%CuO which is the 

opposite of what the LCF-cluster1 suggests. Interestingly, fitting to non-global minima of all 

compositions gives qualitatively similar results. The composition obtained from LCF-cluster2is 

0.0% Cu4O2, 19.0% Cu4O3, 60.1% Cu4O4, and 20.9% Cu4O5, again suggesting Cu4O4 as the 

dominant composition but followed by Cu4O5 and Cu4O3. Hence, LCF to the bulk in this case will 

be misleading and questionable, and LCF to the cluster should be used instead. Note that 

Boltzmann populations obtained from grand canonical ensemble can be dependent on the value of 

the U parameter used in the global optimization method, thus affecting the shape of the ensemble-

averaged XANES; however, the obtained structures can be used as “standards” for LCF-cluster in 

order to obtain more accurate information about the composition of the cluster in reaction 

condition.  

Figure 8 shows the obtained coefficients of Cu4Ox/Al2O3 (x = 2–5) clusters when fitted to 

the experimental XANES as a function of temperature. It is clear that there is a reduction in the 

Cu cluster oxidation state at high temperature: the dominant cluster composition changes from 

Cu4O4 at 423 K to Cu4O2 at 773 K. All values are summarized in Table S3. Furthermore, Figure 

S3 shows the experimental XANES along with their corresponding LCF spectrum at 423 K, 673 

K, and 773 K. 
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Figure 8. Obtained coefficients of Cu4Ox/Al2O3 (x = 2–5) from LCF to the experimental XANES at three 

different temperatures. Cu4O2 becomes dominant at high temperature showing a reduction in the cluster 

oxidation state. 

 

Conclusions 

 To summarize, we have shown that analyzing XANES spectra of surface-supported 

clusters in the non-scalable regime using the bulk standards is inaccurate. By comparing both 

experimental and theoretical Cu K-edge XANES we found that, in addition to the inherent cluster 

size effect, the presence of numerous isomers in reaction conditions can affect the XANES spectra. 

Isomers can be significantly different in their geometric and electronic structures, amount of 

charge transfer from the support, as well as oxygen content. The resultant XANES do not map 

onto the bulk standards in a predictable manner. Therefore, one has to take into account the 

importance of fluxionality and size effect when interpreting XANES of surface-supported 

nanoclusters. We additionally conclude that the stoichiometry of these clusters in reaction 

conditions cannot be derived from the corresponding bulk XANES and has to be obtained by other 

means. We propose that LCF to the computationally obtained cluster “standards” could be a more 
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reliable approach to determining cluster compositions in reaction conditions. Using this approach, 

we conclude that oxidized Cu clusters undergo partial reduction at temperatures typical for 

oxidative dehydrogenation of alkanes.  
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