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Abstract
Demand for high-performing, inexpensive catalysts has motivated the development of mixed 3d transition metal architectures.  Here, X-ray spectroscopies are uniquely positioned to inform intensive searches of compositional spaces by elucidating structure-function relationships.  However, thorough analyses of complex systems are often non-trivial.  In this work, one such example was pursued, a chemical series of spinel-based emissions catalysts of the general formula Mn0.1CuxCo2.9-xO4 for 0.1≤x≤0.8.  The local electronic and atomic structures of these materials were characterized by X-ray absorption near edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) analyses, respectively.  EXAFS analyses required models to be constructed which captured the relevant structural changes across the chemical series.  Building these models required insights from XANES, X-ray diffraction (XRD), and inductively coupled plasma atomic emission spectroscopy (ICP-AES) analyses.  XANES measurements at the Co K-edge, when complemented with ab initio multiple scattering calculations, suggested that the fraction of Co atoms in the octahedral sites of the spinel increased as the concentration of substituted Cu increased.  Similarly, XANES measurements at the Mn K-edge suggested that the occupancy of the first coordination shell varied throughout the series.  Finally, the XRD results revealed an impurity, a CuO phase, is formed at higher copper concentrations.  This is consistent with the results of principal component analysis performed on the Cu K-edge XANES spectra.  These hypotheses were incorporated into the EXAFS fitting models and are consistent with the subsequent quantitative analyses.
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1. Introduction
Well-designed catalysts are essential to most consumer products, industrial agriculture, and the control of noxious pollutants.[1]  Current catalysts are frequently composed of scarce noble metals which contribute many of the properties that make these catalysts functional.[2]  Improvements to contemporary catalysts are seen as a vital prerequisite for future commerce and sustainability goals.[3, 4]   Consequently, much attention has been directed toward developing active catalysts made from abundant materials, such as 3d transition metals.[5]  Here, these metals offer the possibility of increased stability, savings, and reactivities,[6, 7]  yet they are liable to complex electronic and atomic structural changes.[8-11]  This is especially true for multicomponent catalysts, a particularly promising type of material in which intercomponent effects can be leveraged to engineer advantageous catalytic properties.[12, 13] However, exploring the relevant compositional spaces of such catalysts can be an acutely labor- and cost-intensive process.  Recently, Zhang et al. employed Bayesian optimization to search for multicomponent NOx emissions catalysts.[14]  These authors explored a seven-component compositional space and identified an especially active Mn-bearing subspace.  While this approach was effective, its function as a descriptor-free method precludes it from assigning physical reasoning to observed trends.  Rapid and robust metrologies must be applied across families of novel catalysts to reveal the structure of novel catalysts and further inform industrial research and development of such material classes.
	X-ray absorption fine structure (XAFS) measurements provide particularly useful insights for catalysis research.  Here, the X-ray absorption near edge structure (XANES) region can reveal the oxidation states, spin states, and molecular symmetries of each metal present.  Similarly, extended X-ray absorption fine structure (EXAFS) analysis yields quantitative information on structural parameters in the system.[15-18]  These techniques are also element-selective, meaning the redox mechanisms in mixed metal systems can be carefully and individually tracked.[19, 20]  The above properties, along with flexible sample environments and sample preparations, have made XAFS a mainstay in catalysis research.  Currently, XAFS is regularly used in industrial catalysis to reveal structure-property relationships and probe the restructuring and alloying of mixed metal catalysts.[21-24]  Yet a recurring theme for such experiments is that they involve the analysis of complex metal oxides with correspondingly complex coordination environments across one or more sites.   To overcome this challenge, researchers are utilizing machine learning approaches to extract useful information.  This includes methods to rapidly quantify structural parameters,[25-27] decipher the catalyst’s surface and active sites,[28, 29]  characterize the shape of nanoparticle clusters,[30, 31] and identify which underlying structural details can serve as activity or property descriptors.[32, 33]  While powerful, many of these methods require large quantities of training data from closely related systems; often in the form of extensive, accurate calculations.  In contrast, many researchers pursue more accessible methods to make the analysis tractable while avoiding loss of information due to an incomplete analysis.  For example, researchers may restrict their analysis to a more manageable portion of the spectrum by fitting just the first coordination shell, limit their analysis to just interpretations of spectral trends, or construct a model consisting of a few shells, excluding multiple scattering paths but allowing each shell’s coordination number to vary such that the model has the flexibility to compensate.[34-38]  These approaches make useful information attainable, but many structural changes require more robust analyses to be tracked and quantified.  This is particularly relevant to the multicomponent catalysts which, as discussed above, are known to demonstrate complex structural changes.   One such system is presented and submitted to a thorough XAFS analysis here, a chemical series closely related to the Mn-bearing family of catalysts discussed by Zhang et al.[14]
	Specifically, we report a series of XAFS measurements conducted on Cu-substituted complex metal oxide catalysts bearing a consistent fraction of Mn.  Measurements were made across a Cu concentration series and the XANES region was interpreted using a combination of empirical standards and ab initio calculations.  Analysis of the EXAFS region required a robust model of the metal oxide speciation distributions and structural transformations throughout the concentration series.  To build this model, information from several techniques was leveraged.  X-ray powder diffraction (XRD) revealed the targeted crystalline phases as well as the presence of a secondary copper oxide phase formed during synthesis.  Inductively coupled plasma atomic emission spectroscopy (ICP-AES) confirmed the proportion of each metal and informed later discussions on the interplay between the site distributions of different elements.  XANES results served as the basis for proposing the relevant structural features, such as varying site distributions and oxygen coordination numbers.  Moreover, principal component analysis (PCA) of the XANES region constrained the number of proposed structural changes for each element.  This information led to a structural model that could be fit to the EXAFS results with only minor assumptions, providing useful, robust, and quantitative structural information as a result.  Finally, the materials studied here are an extension of previously established spinel-based catalysts motivated by regulatory, performance, and economic considerations requiring advanced catalysts to mitigate NOx emissions.[39-41]  Beyond informing catalyst searches and interpreting future in situ studies in the field of multicomponent catalysis, we expect the methods will be readily extended to other complex metal oxides which already rely on XAFS, such as perovskites,[42, 43] layered oxides,[44, 45] and high entropy alloys.[46, 47]
2. Methods

2.1.  Compounds
The following materials served as empirical standards and were sourced from NSLS-II: CoO, Co3O4, MnO, Mn2O3, MnO2, Cu2O, and CuO.  Spinel-based catalysts of the nominal formula Mn0.1CuxCo2.9-xO4 were produced by base catalyzed co-precipitation of nitrate precursors. The appropriate molar quantities of manganese (II) nitrate hydrate (Sigma-Aldrich, 99.99 %), Copper (II) nitrate hemi(pentahydrate) (Sigma-Aldrich, 99.999 %) and cobalt (II) nitrate hexahydrate (Sigma-Aldrich, 99.99%) were dissolved by stirring in 500 mL of deionized water.  100 mL of 1.75 M NaOH (Sigma-Aldrich, 99.99%) was added to yield a pH of 11, then stirred for 12 hours to precipitate the product.  The precipitate was removed by filtration and further rinsed with DI water until the filtrate achieved a pH of 7 indicating the removal of excess sodium from the solid powder product.  This material was dried at 120 °C for 12 hours, and then calcined at 500 °C for 1 hour.[41]
2.2. ICP-AES
ICP-AES was performed at Galbraith Laboratories (Knoxville, TN) to determine metal composition.
2.3.  X-ray Diffraction: Experiment and Analysis
Powder X-ray diffraction was obtained by Rigaku SmartLab using Cu Kα radiation operating at 40 kV and 30 mA.  Ground powder samples were characterized using a scan rate of 0.17 degrees/minute and a step size of 0.02 degrees.  Phase identification was determined using the PDXL software package.  The relevant profiles were simulated using experimental structures in the literature[48, 49] and the XRD utilities in Pymatgen[50] given the built-in wavelength for a Cu Kα1 source.
2.4.  X-ray Absorption Fine Structure: Experiment and Analysis
[bookmark: _Hlk122982370]The Mn, Co, and Cu K-edge XAFS results were acquired on beamline 6-BM of the National Synchrotron Light Source II (NSLS-II).  A 3-pole wiggler source delivered an unfocused beam of X-rays subsequently analyzed by a Si(111) monochromator.  Except for the empirical standards, all samples were prepared by spreading fine powders onto polyimide tape.  Several sample-containing layers of tape were stacked to improve signal intensities and reduce the possibility of pinholes.[51]  The mode of measurement at each edge was selected according to the relevant concentrations.  All Mn K-edge measurements were collected in fluorescence mode, Co K-edge measurements were collected in transmission mode, and at the Cu K-edge, the two samples most dilute in Cu were measured in fluorescence while all others were measured in transmission mode.  Concurrently, reference metal foils provided by the beamline were measured downstream and used to verify a consistent energy scale at each edge.  Multiple scans were collected on each sample to monitor the sample’s stability in the beam.  Note that all scans used 0.3 eV steps in the XANES region and k-steps of 0.05 Å-1 in the EXAFS region.  For all transmission measurements, the energy region scanned was limited to a nominal k of 16 Å-1.  Fluorescence measurements at the Mn K-edge extended to a nominal k of 14 Å-1 whereas fluorescence measurements at the Cu K-edge extended to a nominal k of 12.5 Å-1.  All scans were normalized and merged using the Athena software package.[52]  Normalization involved fitting a quadratic polynomial to the post-edge region using several hundred eV at the end of each spectrum.
	Interpretation of the XANES region of each spectrum utilized PCA and the FEFF9 code for ab initio multiple scattering calculations.[53-55]  The PCA approach was performed according to established methodology.[56]  For FEFF calculations, structural data was taken from the Co3O4 entry of Fdm symmetry in the Materials Project database.[57, 58]  The choice of this space group was based on the literature and the XRD results.[59, 60]  Calculations were performed for a tetrahedral and an octahedral coordinated atom at the center of a cluster having a radius of 10 Å.  Each element was given a unique potential.  For calculations at the Mn K-edge, the central Co atom was substituted for Mn and that atom’s potential was updated to reflect the new atomic number.  Here, an RPA-screened core hole was used,[54] self-consistent potentials were calculated with the rfms1 field, the radius of the cluster during the self-consistency loop, set to 7.0 Å, and a full multiple scattering calculation was performed within a sphere having a 9.0 Å radius.  Many of these options have been the subject of systematic reviews.[61] We note here that these values are consistent with those identified during convergence tests by Zheng et al.[62]  Passive electron reduction factors (S02) were estimated by FEFF from atomic overlap integrals.  The maximum k value of the XANES calculations was set to 6.0 Å-1 as FMS calculations are inaccurate after approximately that value.  The calculated spectra were then smoothed using the ‘make_interp_spline’ function from SciPy, an open-source Python library.[63]
[bookmark: _Hlk122988803]	All fitting, processing, and transforming of the EXAFS results was accomplished using the appropriate functions in the Larch library.[64]  The autobk function used a maximum k value of 14.5 Å-1, a k-weight of 3.0, and the rbkg parameter was set to 1.0 Å for all elements except Cu, for which it was set to 1.1 Å.  Detailed description of the method is provided by Newville et al.[65]  Fourier transforms were performed over the k range from the value of 3.0 Å-1 to 14.0 Å-1, except where noted, and used a k-weight of 3.0, a dk value of 4, and the Hanning window.  All fits were first performed in k-space to identify reasonable parameter estimates.  The fits were then refined by fitting in R-space.  This latter step was critical to attain reasonable uncertainty estimates.  The fitting range in R-space was from rbkg to 3.5 Å.  The paths and parameters for these fits were selected as follows.  Clusters having a radius of 9 Å were carved around tetrahedral and octahedral sites of the metal atom.  For the Cu and Mn K-edges, the central Co atom was substituted for the appropriate element and the potentials field updated.  Self-consistent potentials were calculated with the rfms1 field set to 7.0 Å and the EXAFS calculation was performed out to a maximum k value of 16 Å-1 for paths with a half-path distance less than 6.0 Å.  S02 was set to 1.0.  The weaker paths were then neglected from the fitting process, leaving, in the case of the Co K-edge, eight single scattering paths and nine multiple scattering paths.  Regarding parameters, all paths beginning from the tetrahedral site used the same value for E0 and this value was constrained to be the same for all paths beginning from the octahedral site.  A unique Debye-Waller factor was assigned to each single-scattering path, then paths with similar distance and scatterers were constrained to be equal.  The corresponding factor for each multiple-scattering path was estimated from the single-scattering paths’ parameters using the relationships reported by Hudson et al.[66]  and conventional approximations for triangular paths.[56]  As the spinel structure exhibited cubic symmetry, isotropic expansion was assumed, i.e., a multiplicative factor common to all paths was used to calculate the change in each path’s half-path distance as the product of this factor and the half-path distance in the initial crystallographic structure.  For a given edge, all spinel catalyst fits were initially performed simultaneously, such that parameters were influenced by the data collected on each sample in the chemical series.  These parameters were then held fixed while parameters which were deemed likely to vary between the samples at a given edge were fit to each individual spectrum.  For the Co K-edge, the fraction of Co atoms in tetrahedral sites and fraction in octahedral sites was deemed likely to vary.  To incorporate this into the fit, two effective S02 parameters were defined, one for the tetrahedral paths and another for the octahedral paths, which weighted the typical passive electron reduction factor by the fraction of Co atoms preferring that site.  For the Mn K-edge, only octahedral paths were considered.  The parameter deemed likely to vary was the first shell coordination.  Thus, two effective S02 values were defined, one for the first shell of each sample and another for all remaining shells which was assumed to not vary from one spinel sample to another.  For the Cu K-edge, paths from the octahedral sites of the spinel, tetrahedral sites of the spinel, and CuO were considered.  The relative contribution of these three sites was expected to vary between each sample.  Therefore, three effective S02 parameters, one for each absorbing site, were defined.  These three parameters were varied independently of results at other edges; this is in contrast to multi-edge refinement strategies proposed by Calvin et al. in which secondary phases were not explicitly considered.[67]  While the constraints used in that model led to a reasonable structural model, it was unclear this would be a valid assumption given the presence of a known secondary phase.  While steps to minimize potential correlations due to this secondary oxide phase led to a complex model, it was deemed preferable to treat the elements in a more independent fashion.  While the work presented used similar approximations for the CuO paths, the monoclinic spinel phase must be considered to have the more simplistic isotropic expansion which would be seen in a cubic system. Therefore, a unique expansion factor was assigned to the variations in half-path distances for each of the first four shells with the multiple scattering paths scaled appropriately.  This model was first applied to measurements made on a CuO standard.  To accommodate the possibility that relatively little CuO may be in the samples with lower copper content, the Debye-Waller factors from the fit of the CuO standard were held fixed to these values when fitting the spinel samples.  Moreover, to allow for the possibility of Cu substitution introducing different degrees of disorder at the two spinel sites, Debye-Waller factors for similar paths were not constrained to be equal.
3. Results and Discussion
Beginning with the ICP-AES results in Table 1, it is apparent that the synthesis procedure produced a series of samples with distinct stoichiometries.  While the precise values deviate somewhat from a strictly linear trend, these deviations will not impact the following analyses.  For that reason, the samples will be referred to by their nominal concentrations using a single significant digit for the copper concentration in the material’s chemical formula.  The remainder of this section will discuss the XANES and EXAFS results with the Co K-edge discussed first.
	The Co K-edge XANES spectrum of each spinel catalyst is shown in Figure Supplemental 1 (S1).  An isosbestic point is found at approximately 7725 eV which, along with the PCA results in Table 2, signifies that only two distinct structures contribute to the changes observed at the Co K-edge.  Moreover, Fig. S1 reveals that this trend is roughly monotonic.  To aid the discussion of this trend, the Co K-edge XANES of the samples at either end of the concentration series are shown along with the empirical standards, CoO and Co3O4, in Fig. 1a.  Here, it is clear the Co atoms of the sample dilute in Cu possess a local atomic and electronic environment like those in bulk Co3O4.  As more Cu is substituted into the material, the shoulder features, which are lower in energy than the isosbestic point, diminish in intensity while the white line feature at roughly 7730 eV increases in intensity.  The cause of this spectral trend is revealed by Fig. 1b, which reports the spectra calculated for the octahedral and tetrahedral Co sites in the spinel.  The Co atoms in an octahedral symmetry exhibit an intense white line feature and less intense shoulder features than the Co atoms in a tetrahedral configuration.  Therefore, the observed trend is consistent with a larger fraction of the Co atoms populating octahedral sites as the concentration of Cu increases.  Moreover, while the shoulder features complicate assignment of an exact oxidation state, it does appear that the edge position of the heavily substituted sample is slightly higher in energy than the more dilute sample.  Given that divalent Co atoms are found in the tetrahedral site and trivalent Co atoms in the octahedral site of a normal spinel, an increase in the octahedral fraction would be consistent with the population of Co atoms being somewhat more oxidized in the heavily substituted sample.  Regarding EXAFS, |χ(R)| results at the Co K-edge are shown in Fig. S2a.  Note that distances are not phase corrected.  In this figure, the first peak around 1.5 Å is due to scattering from oxygen atoms in the first coordination shell, the second peak around 2.5 Å is due to scattering from Co atoms with a central, octahedral Co atom, and the third peak is a mix of scattering paths found for both octahedral and tetrahedral sites.[38]  Here, the first and second peaks increase in intensity as the concentration of Cu increases, which is consistent with an increase in coordination number and an increasing fraction of Co atoms in octahedral sites, respectively.  Note that the former trend is also consistent with a greater fraction of octahedral Co atoms.  However, we note that peak intensities alone are not independently sufficient to make definitive claims regarding coordination number changes.  Other parameters, including Debye-Waller factors, can correlate with the desired information.  A more quantitative description of the Co atoms’ local atomic structure is provided here by considering the EXAFS fitting results.  Table S1 reports the fitted values of the model parameters and Fig. S3 shows that the fits satisfactorily reproduce the EXAFS results.  First, the small size of the isotropic expansion factor along with the relative agreement in the position of all three major peaks indicates that the initial structure provided a reasonable model.  Likewise, the Debye-Waller factors are comparable to what can be expected for transition metal paths reported elsewhere.[15]  Furthermore, based strictly on the values produced by the fit for each S02, the fraction of octahedral Co atoms increases while the tetrahedral fraction decreases.  This trend, as well as the fractions of Co in tetrahedral or octahedral sites, are similar to results reported by Shepit et al. for a related cobalt-based spinel doped with Cu.[68]  Moreover, it can be said that the amplitudes are fairly similar to those expected for bulk Co3O4 and, as assumed, the bond distances around the Co atoms do not vary significantly at different degrees of Cu substitution.  Notably, as shown in Fig. 2, the relative uncertainty for these values is relatively large as is typical of such quantities in EXAFS analyses.[69, 70]  For clarity, it should be noted that the S02 values are roughly proportional to the fraction of Co atoms in the associated molecular symmetry.  These values can be converted directly to species fractions by using several standards to establish an S02 value and then assuming chemical transferability to the measured samples.[56]  This would also assume full coordination numbers in each shell.  Here, we find it simpler to report the relationships between S02 values and Cu concentration with fewer assumptions and relying on fewer satisfactory fits.  
	As with Co, the Mn K-edge XANES spectrum of each spinel catalyst is shown in Fig. S4.  A fairly smooth trend towards higher energies is observed along the rising edge of the spectra with the largest changes occurring in the first few samples of the concentration series.  To clarify this trend, the spectra corresponding to the first and last samples in the concentration series are shown alongside the Mn oxides in Fig. 3a.  Here, the shoulders and sloping white line features of the tetravalent oxide preclude a rigorous estimate of the samples’ oxidation states other than acknowledging that the samples appear relatively oxidized.  This is a well-known problem in K-edge XANES studies comparing samples with dissimilar Mn environments.  Chalmin et al. have shown that the positions of the pre-edge features, rather than the edge position, are a more reliable indicator of nominal oxidation state.[71]  Therefore, a magnified view of the pre-edge features is presented in Fig. S5, which reveals good agreement between the position of the pre-edge features in the spinel samples and those of the tetravalent Mn oxide.  This validates the assignment of a nominal oxidation state of +4 to the samples measured here, however, the gradual spectral shift to higher energies suggests that samples of higher concentration in Cu may be slightly more oxidized than the samples which are more dilute.  Referring to Table 2, these spectra are dominated by two components.  As before, spectral simulations of Mn atoms in octahedral and tetrahedral sites of the spinel are shown in Fig. 3b.  These simulations reveal similar behavior as observed in Fig. 1b.  Notably, the intensity of the experimental white line features does not vary significantly across the concentration series as they did at the Co K-edge.  This suggests that the two PCA components cannot be attributed to variation in the population of octahedral and tetrahedral sites, rather, a change is needed to explain the gradual shift of the edge.  A possible explanation for this behavior is that the Mn atoms provide some degree of charge compensation for Cu ions substituted in the spinel, as facilitated by a greater number of oxygens coordinating the Mn atoms.  This theory will be evaluated against the EXAFS results.  To begin, the |χ(R)| results at the Mn K-edge are shown in Fig. S2b.  Here, the peak around 2.5 Å is significantly larger than the peak around 3.0 Å.  This suggests that the Mn atoms are in predominantly octahedral sites.  Also, the peak around 1.5 Å is seen to increase in intensity as samples become more heavily substituted by Cu.  This is consistent with increasing coordination numbers in the first shell of oxygen atoms, as suggested above.  The fitting results are reported in Table S2 and Fig. S6 shows that the fits satisfactorily reproduced the EXAFS measurements.  In these fits, fewer structural parameters were considered as the model only considered octahedral Mn atoms.  All parameters which were in common between the Mn and Co K-edges yielded similar results, revealing no statistically significant geometrical changes upon substitution of the Mn atoms.  Fig. 4 reports the S02 values of the first coordination shell, revealing that the values produced by the fit in general increase, but with large uncertainties as is to be expected for this type of parameter in an EXAFS analysis.  Also, it should be noted that these S02 values are the largest reported in this manuscript thus far and are larger than the S02 value assigned to all other paths in the fit.  This would suggest that, in general, the first coordination shell of the Co atoms is not fully populated.  This is consistent with the fits shown in Fig. S3.  There, a single parameter was used for the amplitude of all tetrahedral paths and another for all octahedral paths, allowing no variation between different coordination shells.  Consequently, the fit tended to overestimate the intensity of the peak corresponding to the first shell.  That fit could have used a model allowing for varying coordination numbers in the first shell, yet if both the tetrahedral and octahedral sites were allowed this flexibility, then the parameters are liable to becoming highly correlated and produce unreliable estimates.  While the same parameter could be applied to both types of paths, this would assume that the tetrahedral and octahedral Co atoms are equally likely to have fewer oxygen atoms.  Rather than introduce a possibly unphysical assumption, it was deemed preferable to fit the results with a slightly imperfect model.
	The Cu K-edge XANES spectrum of each spinel catalyst is shown in Fig. S7 and the endpoints of the concentration series are shown alongside the oxide standards in Fig. 5.  Several features will be discussed.  First, the edge positions of the samples are close to that of CuO, suggesting that the Cu atoms in the samples are roughly divalent.  Second, the shoulders and white line features gradually start to resemble those of CuO as more Cu is nominally substituted into the spinel.  Third, the spectra obtained from the samples differ significantly from those measured at the Co and Mn K-edges.  To aid this comparison, representative spectra of the samples from each edge are shown on a relative energy scale in Fig. S8.  Fourth, as evident by the lack of clear isosbestic points in Fig. S6 and the PCA results in Table 2, the spectral trends observed at the Cu K-edge are the product of three distinct components.  To identify the relevant components, XRD measurements were conducted across the concentration series and the results are shown in Fig. 6.  In general, the dominant peaks agree well with the simulated peaks for the Co3O4 structural data reported in the literature.[48]  These peaks are stationary across the concentration series, suggesting that major geometrical changes do not occur across the series.  As can be seen in Fig. 6, additional shoulders and peaks appear as the Cu concentration increases.  As demonstrated by the XRD simulations at the bottom of the figure, these locations coincide with peaks from CuO, suggesting that this species also forms during synthesis.  This is consistent with reports of similar materials in the literature.[40, 72]   However, it should be noted that XRD is most sensitive to crystalline components of the material and amorphous phases of CuO would be more difficult to probe with the technique.  Due to the lack of agreement between the spectra for the dilute samples at the Cu K-edge and those of spinel sites at other edges, the possibility of CuO throughout the concentration series was not excluded from the model built for the EXAFS analysis.  To build this model, the CuO standard was first fit using the model described above.  The fit and fit results can be found in Fig. S9 and Table S3.  It should be noted that the purpose of this fit was to identify reasonable estimates of CuO path parameters in the fits corresponding to the spinel catalysts.  However, as some of these samples may have relatively little CuO, the Debye-Waller factors from Table S3 were fixed in these fits. The structural parameters related to changes in bond distances were allowed to vary to accommodate any strains in the new local atomic environment.  The |χ(R)| results at the Cu K-edge are shown in Fig. S2c.  Here, the peaks are in similar locations to those of the spinel and those of bulk CuO, but the peaks due to scattering from outer shells are of roughly similar intensity as the peak due to the first coordination shell.  This suggests a smaller octahedral component and possibly the presence of CuO throughout the concentration series.  As the concentration of Cu increases, the peak around 2.5 Å maintains a roughly consistent intensity while the peak around 3.0 Å decreases in intensity.  Given that multiple species contribute to each peak, definitive statements about species fractions are best drawn from the fitting results, however a few observations can be made.  Based on the fit results from the Co K-edge, a significant fraction of the Cu atoms is expected to be in a tetrahedral configuration with a possibly decreasing amount in octahedral sites.  It should also be noted that, if the octahedral fraction indeed decreases, then the CuO component must increase to maintain the intensity of the peak around 2.5 Å.  These trends are verified by the fit results, which can be found in Fig. S10 and Table S4.  In addition, the fit results for the geometrical expansion factors agree with those found for bulk CuO and the fits performed at the Mn and Co K-edges.  Finally, Fig. 7 reports the S02 values for each component.  Here, the tetrahedral fraction is the largest and initially increases in intensity before reversing this trend.  Moreover, the octahedral fraction decreases while the CuO fraction increases as expected.  As with the fits at the Mn and Co K-edges, the uncertainties associated with these values are relatively large as expected for this type of quantity in EXAFS analyses.  However, the overall trends are consistent with the structural changes proposed above.
4. Conclusions
Using the results of ICP-AES, XRD, and XANES measurements, models were constructed to enable EXAFS analysis of each transition metal K-edge across the Mn0.1CuxCo2.9-xO4 chemical series.  Using ab initio multiple scattering calculations to interpret the Co K-edge XANES measurements, it was proposed that the fraction of Co atoms in the octahedral spinel sites was increasing as the concentration of substituted Cu increased.  This was confirmed by analysis of the EXAFS results using a model that allowed the S02 values corresponding to octahedral and tetrahedral paths to change for each sample.  The atomic structure was refined subject to isotropic expansion.  Here, agreement between the position of each major |χ(R)| peak in the measured and fitted spectra suggest the model was valid and the small size of the expansion coefficient reveals little change from the proposed structure.  The Mn K-edge XANES results revealed a predominantly tetravalent cation residing in the octahedral spinel sites.  This assessment of the oxidation state is consistent with analysis of the pre-edge features.  PCA revealed only two spectral components and theoretical calculations revealed that, unlike with the Co atoms, variations in the Mn K-edge XANES across the chemical series was not due to a variation in the fraction of Mn in each spinel site.  Rather, minor signs of oxidation, suggested the occupation number of the first coordination shell was changing throughout the chemical series.  This hypothesis was tested with an appropriate EXAFS model and was consistent with the results.  Finally, ICP-AES data revealed that the substituted Cu was retained by the system and at roughly the expected concentrations.  XRD results revealed the crystalline component was predominantly the spinel structure, yet a CuO phase can be found at higher Cu concentrations.  This was consistent with the Cu K-edge XANES measurements which, according to PCA, are the product of three components.  Moreover, several spectral features began to resemble the XANES spectrum of CuO for samples possessing higher Cu concentrations in the chemical series.  However, the presence of Cu in CuO, tetrahedral spinel sites, or octahedral spinel sites could not be ruled out in any portion of the chemical series.  Indeed, a qualitative analysis of the EXAFS results found that a reasonable quantity of Cu atoms must be in the tetrahedral spinel sites throughout the chemical series, while the amount of Cu in CuO and octahedral sites must be negatively correlated.  After incorporating all three sites into a model, EXAFS analysis confirmed these hypotheses.  EXAFS also revealed that the fraction of CuO increased throughout the chemical series, while the fraction in tetrahedral sites reached a maximum partway through the series.  Taken en masse, these results provide a framework for incorporating multiple measurements into a model for EXAFS analysis of complex materials.  This framework can provide similar utility to researchers characterizing novel catalysts, high entropy alloys, and battery materials which are frequently composed of related mixed metal oxide systems.
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Figure 1: Co K-edge XANES spectra.  Spectra are presented flattened and normalized to an edge step of unity such that values are in arbitrary units.  This is true for all XANES spectra unless stated otherwise.  (a) The spectra corresponding to the empirical standards are dashed and shown alongside the samples in the concentration series which are the most (green) and least (red) dilute in Cu.  (b) The Co3O4 empirical standard (blue, dashed line) is offset vertically by 0.3 absorption units and is shown alongside FEFF simulations for a Co atom in a tetrahedral site and in an octahedral site.  The simulated spectra have been normalized and then reduced in size along the absorption axis by a factor of two thirds.
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Figure 2: Co K-edge EXAFS fitting results for the dimensionless S02 values which scaled the (a) tetrahedral paths and (b) octahedral paths.  Error bars correspond to one standard error in the fit.  The horizontal axis refers to the tenths of Cu in the catalyst’s chemical formula.  Note that similar results can be found in Fig. S11, where the fraction of Co atoms in each site is presented across the chemical series.
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Figure 3: Mn K-edge XANES spectra.  (a) The spectra corresponding to the empirical standards are shown dashed and alongside the samples in the concentration series which are the most (red) and least (purple) dilute in Cu.  (b) The sample most dilute in Cu (blue, dashed line) is offset vertically by 0.3 absorption units and is shown alongside FEFF simulations for a Mn atom in a tetrahedral site and in an octahedral site.  The simulated spectra have been normalized and then reduced in size along the absorption axis by a factor of two thirds.
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Figure 4: Mn K-edge EXAFS fitting results for the dimensionless S02 values which scaled the single scattering path between the central absorber and oxygen atoms in the first coordination shell. Error bars correspond to one standard error in the fit.  The horizontal axis refers to the tenths of Cu in the catalyst’s chemical formula.
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Figure 5: Cu K-edge XANES spectra.  The spectra corresponding to the empirical standards are dashed and shown alongside the samples in the concentration series which are the most (green) and least (red) dilute in Cu.  
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Figure 6: XRD profile of each spinel sample shown with a linear vertical offset.  XRD profiles simulated from experimental structural data for Co3O4 and CuO are shown at the bottom and have been scaled such that the most intense peak has an intensity of one.
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Figure 7: Cu K-edge EXAFS fitting results for the dimensionless S02 values which scaled the (a) tetrahedral paths, (b) octahedral paths, and (c) CuO paths.  Error bars correspond to one standard error in the fit.  The horizontal axis refers to the tenths of Cu in the catalyst’s chemical formula.  Note that similar results can be found in Fig. S12, where the fraction of Cu atoms in each site is presented across the chemical series.





Table 1: ICP-AES results for Mn, Cu, and Co and calculated O concentration.  Chemical formulae are also provided for the nominal and experimental compositions.
	Nominal Composition
	ICP Composition w/ calculated Oxygen
	Cu wt%
	Co wt%
	Mn wt%

	Mn0.1Cu0.1Co2.8O4
	Mn0.09Cu0.09Co2.81O3.97
	2.48
	70.8
	2.21

	Mn0.1Cu0.2Co2.7O4
	Mn0.09Cu0.19Co2.73O3.96
	5.08
	69.4
	2.04

	Mn0.1Cu0.4Co2.5O4
	Mn0.08Cu0.35Co2.57O3.98
	9.5
	64.1
	1.8

	Mn0.1Cu0.5Co2.4O4
	Mn0.08Cu0.45Co2.47O3.97
	12.1
	62.2
	1.9

	Mn0.1Cu0.6Co2.3O4
	Mn0.08Cu0.52Co2.4O3.98
	13.8
	59.5
	1.84

	Mn0.1Cu0.7Co2.2O4
	Mn0.08Cu0.61Co2.30O3.98
	16.5
	56.8
	1.89

	Mn0.1Cu0.8Co2.1O4
	Mn0.08Cu0.71Co2.1O3.98
	18.9
	54.4
	1.89



















Table 2: Results of principal component analysis for the concentration series at each edge.  The values reported is the percentage of the variance about the mean explained by each component.  Note that the first component is not listed as it corresponds to the mean of the XANES spectra produced by the concentration series.
	Component
Number
	Variance Explained (%)

	
	Co K-edge
	Mn K-edge
	Cu K-edge

	2
	98.91
	96.92
	80.62

	3
	0.79
	1.50
	17.91

	4
	0.18
	0.81
	0.89

	5
	0.08
	0.31
	0.31

	6
	0.04
	0.27
	0.21

	7
	0.01
	0.19
	0.07
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