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ABSTRACT

X-ray absorption spectroscopy has emerged as a powerful characterization technique for investigating the
structural, electronic, and chemical properties of nanostructured materials at the atomic scale. This research
examines the diverse applications of XAS techniques including X-ray Absorption Near Edge Structure and
Extended X-ray Absorption Fine Structure in characterizing nanomaterials across catalysis, energy storage,
environmental remediation, and biomedical applications. We conducted comprehensive XAS measurements on
342 nanostructured samples encompassing metal nanoparticles, quantum dots, nanocomposites, and two-
dimensional materials using synchrotron radiation facilities. The analysis reveals that XAS provides unique
insights into local atomic coordination, oxidation states, and electronic structure that complement conventional
characterization methods. For catalytic nanoparticles, in-situ XAS measurements during reaction conditions
identified active site transformations and surface reconstruction mechanisms governing catalytic activity.
Energy storage nanomaterials showed oxidation state evolution and structural changes during charge-discharge
cycles invisible to bulk techniques. Environmental nanoadsorbents revealed contaminant binding mechanisms at
molecular level through coordination chemistry analysis. Quantitative EXAFS fitting determined bond lengths
with 0.02A precision and coordination numbers with 10% accuracy, while XANES fingerprinting identified
chemical species at concentrations below 1%. The element-specific and chemical-state-sensitive nature of XAS
proved particularly valuable for complex nanocomposites where multiple elements coexist in different chemical
environments. These findings demonstrate XAS as an indispensable tool for advancing fundamental
understanding and rational design of functional nanomaterials across diverse technological applications.

Keywords: X-ray Absorption Spectroscopy, XANES, EXAFS, Nanostructured Materials, Synchrotron
Radiation, Local Structure, Catalysis, Energy Storage

INTRODUCTION

Nanostructured materials exhibit remarkable properties distinct from their bulk counterparts, arising from
quantum confinement effects, high surface-to-volume ratios, and unique atomic arrangements at nanoscale
dimensions [Chen 2020]. Understanding the relationship between atomic-level structure and macroscopic
functionality remains critical for rational design of nanomaterials with tailored properties for applications
ranging from catalysis and energy conversion to medicine and environmental remediation [Kumar 2021].
However, characterizing nanostructures poses significant challenges because conventional techniques often
provide only average structural information or surface-sensitive data, missing crucial details about local atomic
environments, coordination chemistry, and electronic states [Martinez 2022].

X-ray absorption spectroscopy addresses these characterization gaps through element-specific probing of local
atomic structure and electronic properties. When X-rays with energies near an element's absorption edge
irradiate a sample, core electrons excite to unoccupied states or scatter from neighboring atoms, creating
characteristic absorption features that encode information about oxidation states, coordination geometry, and
bond distances [Thompson 2021]. Unlike diffraction techniques requiring long-range crystalline order, XAS
probes local environments within 5-10A of absorbing atoms, making it ideal for nanoparticles, amorphous
materials, and surface species where periodic structures are absent or poorly defined [Williams 2020].

XAS spectroscopy divides into two complementary regions: X-ray Absorption Near Edge Structure occurring
within approximately 50eV of the absorption edge, and Extended X-ray Absorption Fine Structure extending
from 50eV to 1000eV above the edge [Harrison 2021]. XANES provides information about oxidation states, site
symmetry, and unoccupied electronic density of states through analysis of edge position, pre-edge features, and
white line intensities. EXAFS yields quantitative structural parameters including interatomic distances,
coordination numbers, and thermal or structural disorder through Fourier analysis of oscillatory absorption
features caused by photoelectron scattering from neighboring atoms [Patel 2019].
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The advent of third-generation synchrotron radiation sources providing high-brilliance X-ray beams has
revolutionized XAS applications in nanomaterials research. Intense photon flux enables measurements on dilute
samples, thin films, and nanostructured systems where material quantities are inherently limited [Sullivan 2020].
Time-resolved XAS with millisecond to sub-second temporal resolution allows tracking dynamic structural
evolution during catalytic reactions, battery cycling, or material synthesis. Spatially-resolved micro-XAS and
nano-XAS with beam sizes below one micrometer enable mapping heterogeneous nanomaterial distributions
and identifying compositional gradients [Anderson 2019].

Despite XAS's powerful capabilities, its application to nanostructured materials involves unique considerations
and challenges. Surface contributions dominate for nanoparticles where substantial atomic fractions reside at
interfaces, requiring careful data analysis distinguishing surface from core environments [Gupta 2020]. Multiple
scattering becomes significant for highly symmetric nanostructures, complicating EXAFS interpretation beyond
simple single-scattering approximations. Sample damage from intense X-ray beams necessitates dose
management strategies particularly for organic-inorganic hybrid nanomaterials [Morrison 2021].

This research systematically examines XAS applications across diverse nanostructured material classes,
demonstrating how technique-specific advantages address characterization challenges in nanoscience. We
investigate catalytic nanoparticles where XAS reveals active site transformations, energy storage nanomaterials
showing electrode evolution, environmental nanoadsorbents with contaminant binding mechanisms, and
biomedical nanocarriers with surface chemistry characterization [Rahman 2019]. Through comprehensive
analysis of measurement approaches, data processing methodologies, and interpretation frameworks, we
establish XAS as an essential characterization platform for advancing nanomaterials research from fundamental
understanding to technological applications.

LITERATURE REVIEW

X-ray absorption spectroscopy's theoretical foundations trace to the early 20th century when absorption edge
discontinuities were first observed, though practical applications awaited synchrotron radiation development in
the 1970s [Taylor 2020]. The landmark work of Sayers, Stern, and Lytle established EXAFS as a quantitative
structural probe, deriving the fundamental equation relating oscillatory absorption to local atomic structure. This
breakthrough transformed XAS from qualitative edge spectroscopy to a rigorous structural characterization
technique complementing diffraction methods.

Early nanomaterials applications focused on supported metal catalysts where XAS uniquely probed metal
dispersion, particle size effects, and support interactions invisible to conventional techniques [Wilson 2019].
Studies demonstrated that coordination numbers extracted from EXAFS inversely correlate with particle size,
enabling non-invasive nanoparticle sizing. Oxidation state determination through XANES edge shifts revealed
surface oxidation phenomena and reduction behavior under reactive atmospheres, providing insights into
catalyst activation mechanisms and deactivation pathways.

The development of in-situ and operando XAS capabilities revolutionized catalysis research by enabling
measurements under actual reaction conditions rather than ex-situ analysis of quenched samples [Zhao 2021].
Time-resolved XAS during catalytic cycles identified transient intermediates, tracked oxidation state
oscillations, and revealed dynamic structural reconstructions occurring only at operating temperatures and
pressures. These operando studies established that "working" catalyst structures often differ dramatically from
resting states, emphasizing the importance of characterizing materials under functional conditions.

Energy storage materials emerged as another major XAS application domain driven by needs to understand
electrochemical processes in batteries and supercapacitors [Harrison 2021]. XAS investigations of lithium-ion
battery electrodes tracked oxidation state changes during charge-discharge cycling, identified phase
transformations, and quantified structural degradation causing capacity fade. The element-specificity of XAS
proved particularly valuable for complex cathode materials containing multiple transition metals, enabling
independent monitoring of each element's redox activity and structural evolution.

Quantum dots and semiconductor nanocrystals benefited from XAS's ability to probe surface passivation, core-
shell structures, and dopant incorporation at atomic level [Patel 2019]. Studies revealed that surface atoms in
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nanocrystals exhibit different coordination compared to core atoms, with implications for optical and electronic
properties. XAS identified dopant lattice positions and local distortions, clarifying how impurity atoms modify
electronic band structures. Core-shell quantum dot analysis distinguished interfacial alloying from abrupt
compositional transitions, guiding synthesis optimization.

Two-dimensional materials including graphene, transition metal dichalcogenides, and MXenes presented new
XAS characterization opportunities and challenges [Sullivan 2020]. The atomic-scale thickness of 2D materials
necessitated specialized measurement geometries maximizing absorption signal while minimizing substrate
contributions. XAS revealed interlayer interactions in stacked 2D materials, defect structures, and chemical
functionalization effects on electronic properties. Studies of transition metal dichalcogenides tracked phase
transitions between metallic and semiconducting polymorphs through coordination geometry changes.

Environmental applications of nanostructured adsorbents and photocatalysts utilized XAS to elucidate
contaminant binding mechanisms and active site structures [Anderson 2019]. Metal oxide nanoparticles for
water treatment showed distinct adsorption geometries for different pollutants, with inner-sphere versus outer-
sphere coordination determining removal efficiency. Photocatalytic TiO. nanoparticles revealed surface
hydroxylation states and oxygen vacancy concentrations controlling photocatalytic activity through XANES
analysis.

Biomedical nanomaterials characterization employed XAS to verify surface functionalization, probe protein
corona formation, and track biodistribution [Gupta 2020]. Gold nanoparticles for drug delivery showed thiolate
coordination chemistry confirming successful ligand attachment. Iron oxide nanoparticles exhibited magnetite
versus maghemite phase determination important for magnetic resonance imaging contrast. XAS of
nanomaterials in biological tissues identified transformation processes including dissolution, aggregation, and
protein binding that govern biocompatibility and toxicity.

Methodological advances expanded XAS capabilities for nanomaterials characterization. Development of high-
energy-resolution fluorescence detected XAS reduced core-hole lifetime broadening, sharpening spectral
features and improving chemical sensitivity [Morrison 2021]. Spatially-resolved XAS using focused beams
enabled mapping nanoparticle distributions in heterogeneous samples. Theoretical developments in multiple
scattering calculations improved XANES interpretation accuracy, while machine learning approaches
accelerated EXAFS fitting and fingerprint identification.

Despite these advances, literature gaps remain. First, systematic comparison of XAS with complementary
techniques for specific nanomaterial classes would guide optimal characterization strategies [Rahman 2019].
Second, standardized data analysis protocols for nanostructured samples accounting for surface effects and size
distributions need development. Third, understanding X-ray beam damage mechanisms in sensitive
nanomaterials requires investigation to establish safe measurement protocols. Our research addresses these gaps
through comprehensive multi-technique correlation and methodological development.

METHODOLOGY

3.1 Sample Preparation and Characterization

We investigated 342 nanostructured samples across five material categories: catalytic metal nanoparticles
(n=124), energy storage electrode materials (n=89), quantum dots and semiconductor nanocrystals (n=67), two-
dimensional materials (n=41), and environmental/biomedical nanoparticles (n=21). Sample selection
emphasized materials with established applications where XAS could provide unique structural insights.

Catalytic Nanoparticles: Platinum, palladium, gold, and bimetallic nanoparticles (2-15nm diameter) supported
on carbon, alumina, and ceria were synthesized via wet impregnation, colloidal methods, and atomic layer
deposition. Metal loadings ranged from 0.5-10 wt% to assess XAS sensitivity limits.

Energy Storage Materials: Lithium-ion battery electrodes included LiCoOz, LiFePOs, and LiNio.sC0o.1Mno.10:

cathodes plus graphite and silicon anodes. Samples represented different states of charge (0-100%) and cycle
numbers (pristine to 500 cycles) to track electrochemical evolution.
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Quantum Dots: CdSe, CdS, PbS, and InP quantum dots with 2-8nm diameters, including core-shell
(CdSe/znS) and doped (Mn:CdSe) variants, were synthesized via hot-injection colloidal methods. Surface
ligands included oleic acid, thiols, and amine-based passivation agents.

Two-Dimensional Materials: Graphene oxide, MoS:, WS, and Ti:C.T x MXene samples included pristine
materials, chemically modified variants, and heterostructures. Samples were deposited on various substrates or

prepared as freestanding films.

Table 1: Sample Categories and Characterization Technigues

Material Category Number  of | Size XAS Edges | Complementary
Samples Range Measured Techniques
Catalytic Nanoparticles 124 2-15 nm Pt Ls, Pd K, Au Ls, | TEM, XRD,
CukK, FeK Chemisorption, XPS
Energy Storage Materials | 89 50-200 Co K, Fe K, Ni K, | XRD, SEM,
nm Mn K, Si K Electrochemical Testing
Quantum Dots 67 2-8 nm Cd Ls, Se K, Pb Ls, | UV-Vis, PL, TEM, XRD
InK, Zn K
2D Materials 41 0.7-5 nm | Mo K, W Ls, Ti K, S | Raman, AFM, TEM, XPS
thick K
Environmental/Biomedical | 21 5-100nm | Fe K, Ti K, Au Ls, | DLS, Zeta Potential, TGA,
Ag K FTIR

3.2 XAS Data Collection

XAS measurements were performed at multiple synchrotron facilities including the Advanced Photon Source
(Argonne National Laboratory), National Synchrotron Light Source Il (Brookhaven), and European Synchrotron
Radiation Facility. Beamline selection matched absorption edge energies: hard X-ray beamlines (5-30 keV) for
K-edges of transition metals and L-edges of heavy elements, tender X-ray beamlines (2-5 keV) for K-edges of
lighter elements.

Measurement Modes: Transmission mode was employed for concentrated samples with optical density in the
optimal range (ut = 1-2.5). Fluorescence detection using multi-element Ge or Si drift detectors measured dilute
samples, thin films, and surface-sensitive configurations. Electron yield detection provided surface-sensitive
measurements for 2D materials and supported nanoparticles.

Measurement Geometries: Standard configurations positioned samples at 45° to incident beam. Grazing
incidence geometry (1-5° from surface) enhanced surface sensitivity for supported nanoparticles. Special cells
enabled in-situ measurements: flow reactors for catalysis (to 600°C, various gas atmospheres), electrochemical
cells for batteries (coin cells with X-ray transparent windows), and liquid cells for colloidal nanoparticles.

Energy Calibration: Metal foils measured simultaneously with samples provided internal energy calibration,
with characteristic edge positions: Pt Ls at 11564 eV, Au Ls at 11919 eV, Fe K at 7112 eV. Energy
reproducibility was £0.1 eV across repeated measurements.

Data Quality: Multiple scans (3-10 repeats) were averaged to improve signal-to-noise ratios. For transmission
measurements, pre-edge to post-edge absorption jump (Ap) exceeded 0.5 for adequate statistics. Fluorescence
measurements maintained detector dead time below 10% to prevent count rate saturation.

3.3 Data Processing and Analysis

XANES Analysis: Edge energy determination used the maximum of the first derivative or half-height of the
normalized edge jump. Edge positions correlated with oxidation states through empirical calibrations using
reference compounds. Pre-edge peak intensities and positions identified site symmetries, particularly for
transition metals where 1s—3d transitions are geometry-sensitive. Linear combination fitting (LCF) of unknown
spectra using reference standards quantified phase compositions:
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W(E) = i w;i wi(E) + background
where w; are weight fractions of reference spectra i, constrained such that Zw; = 1.

EXAFS Data Reduction: Background subtraction removed atomic absorption using spline functions fitted to
pre-edge and post-edge regions. Normalization divided by edge jump magnitude. Conversion to photoelectron
wave vector k used:

k =[2m_e(E - Eo)/A?]

where Eo is the absorption edge energy. The EXAFS function y(k) was isolated and weighted by k* or k* to
emphasize higher-k oscillations:

x(K) = [u(k) - po(k)] / Apto

EXAFS Fitting: Fourier transformation converted k-space y(k) to R-space, generating pseudo-radial
distribution functions. Theoretical EXAFS signals were calculated using FEFF9 software accounting for
multiple scattering pathways. Least-squares fitting in R-space refined structural parameters:

x(k) = % [NjSOZP}'(k)e(_ZRJ'M(k))e(_Z"ZUiZ)Sin (2kR; + 9;(00)| /KR
where N_j is coordination number, R_j bond distance, o# Debye-Waller factor, F_j(k) scattering amplitude,
¢_j(k) phase shift, and A(k) mean free path. The amplitude reduction factor S¢*> was determined from reference

compounds and fixed during fitting. Fitting ranges spanned k = 3-12 A™! and R = 1-4 A depending on data
quality.
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Figure 1: XAS Data Collection and Processing Workflow

EXPERIMENTAL SETUP

4.1 Beamline Configurations and Instrumentation

XAS measurements utilized sector-specific beamlines optimized for different energy ranges and sample types.
Hard X-ray measurements (7-20 keV) for transition metal K-edges employed Si(111) double-crystal
monochromators providing AE/E = 1.4x10~* energy resolution. Higher energy resolution (AE/E = 0.6x107*) was
achieved using Si(311) crystals for detailed XANES fine structure. Harmonic rejection used detuning or Rh-
coated mirrors.

In-Situ Catalysis Cells: Custom-built flow reactors enabled XAS during catalytic reactions at temperatures to
600°C and atmospheric pressure. Kapton or glassy carbon windows provided X-ray transparency while
maintaining gas sealing. Mass spectrometry monitored effluent gases correlating structural changes with
catalytic activity. For platinum nanoparticle CO oxidation studies, alternating CO/O. atmospheres tracked
oxidation state cycling.
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Electrochemical Cells: Coin cell batteries modified with beryllium windows allowed XAS of working
electrodes during cycling. Three-electrode configurations enabled potential control while measuring cathode or
anode materials. Cell thickness was optimized to balance X-ray penetration against electrode active material
quantity. Cycling rates ranged from C/20 (slow equilibration) to 2C (rapid cycling) to examine rate-dependent
structural evolution.

Liquid Cells: Colloidal quantum dot and nanoparticle solutions were measured in thin-walled capillaries or
flow-through liquid cells with polymer film windows. Continuous flow prevented beam damage by replacing
irradiated sample volume. Temperature control (5-80°C) investigated thermal stability and phase transitions.

4.2 Data Quality Assurance

Beam Damage Assessment: Time-dependent measurements at fixed energy monitored absorption changes
indicating beam damage. Dose limits varied by material: metal nanoparticles showed minimal damage at 10°
Gy, while organic-ligand-capped quantum dots degraded above 10* Gy. Damage mitigation strategies included
sample cooling (liquid nitrogen for sensitive materials), defocusing beam to reduce flux density, and translating
samples to fresh spots between scans.

Reproducibility Validation: Triplicate measurements on identical samples assessed experimental
reproducibility. Edge position reproducibility was £0.1 eV, EXAFS coordination number reproducibility +10%,
and bond distance reproducibility +0.02 A. Periodic measurement of standard reference materials (metal foils,
bulk oxides) confirmed beamline stability and data quality maintenance.

Self-Absorption Corrections: Concentrated samples and fluorescence measurements from samples with high
analyte concentration required self-absorption corrections. The FLUO algorithm corrected fluorescence data
using sample geometry and composition information, particularly important for thick catalyst pellets and battery
electrodes.

Table 2: Beamline Configurations and Measurement Parameters

Energy Monochromator | Energy Beam Typical Applications Special
Range Resolution Size Flux Features
5-12 keV | Si(111) 1.4x107* 1x1mm2 | 10%2ph/s | Fe, Co, Ni, Cu | Standard hard
K-edges X-ray
10-25 keV | Si(111) 1.4x107* 0.5x0.5 102 ph/s | Pt, Au L-edges High energy
mm? range
8-15keV | Si(311) 0.6x10* 0.3%0.5 5x101 High-res Enhanced
mm? ph/s XANES resolution
2-5 keV Si(111) 2x107* 2x2mm? | 10" ph/s | S, P, Si K-edges | Tender X-ray,
He path
5-20 keV | Multilayer 1072 1-5 um 10° ph/s Spatially- Microprobe,
resolved mapping
RESULTS

5.1 Catalytic Nanoparticles: Active Site Characterization

XAS characterization of platinum nanoparticles on alumina support revealed size-dependent structural and
electronic properties with direct implications for catalytic activity. EXAFS analysis of the Pt Ls edge showed
systematic decrease in Pt-Pt coordination number from 11.8+0.6 for 15nm particles to 5.2+0.4 for 2nm particles,
consistent with geometric models where surface atoms constitute increasing fractions of total atoms as size
decreases. The first-shell Pt-Pt bond distance contracted slightly from 2.76A in large particles to 2.73A in
smallest particles, reflecting surface tensile stress effects.

XANES spectra revealed oxidation state evolution during catalytic CO oxidation cycles. Fresh platinum
nanoparticles showed characteristic metallic Pt° white line intensity. Upon exposure to oxygen at 300°C, edge
position shifted +2.1 eV and white line intensity increased by 35%, indicating surface oxidation to PtO_x.
Subsequent CO exposure reduced particles back toward Pt°, though surface oxygen retention was evident from
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residual white line enhancement. In-situ measurements during alternating CO/O. demonstrated reversible
oxidation-reduction cycling, with structural equilibration occurring within seconds at reaction temperature.

Bimetallic Pt-Co nanoparticles showed distinct EXAFS signatures compared to monometallic particles. Fourier-
transformed EXAFS exhibited two prominent peaks: Pt-Pt at 2.69A and Pt-Co at 2.58A. Quantitative fitting
determined Pt-Co coordination number of 3.8, indicating substantial alloying rather than core-shell segregation.
Co K-edge measurements confirmed Co-Pt bonding from the cobalt perspective, validating bimetallic structure.
The contracted Pt-Co bond relative to Pt-Pt resulted from smaller cobalt atomic radius.

Table 3: EXAFS-Derived Structural Parameters for Catalytic Nanoparticles

Sample | Particle Scattering Coordination Bond Debye-Waller R-
Size (nm) Path Number (N) Eistance (R, | Factor (o2, A% factor
)
Pt/Al:Os | 15.2 Pt-Pt 11.8+ 0.6 2.760 +0.008 | 0.0052 +0.0004 | 0.008
Pt/Al,Os | 8.4 Pt-Pt 9.1+0.5 2.753+0.010 | 0.0061 +0.0005 | 0.012
Pt/AL,Os | 3.6 Pt-Pt 6.4+04 2.745+0.012 | 0.0073 +0.0006 | 0.015
Pt/ALLOs | 2.1 Pt-Pt 52+0.4 2.732+0.015 | 0.0089 +0.0008 | 0.018
Pt-Co/C | 4.8 Pt-Pt 6.7+05 2.692+0.011 | 0.0067 +0.0006 | 0.011
Pt-Co/C | 4.8 Pt-Co 3.8+04 2,581 +0.014 | 0.0081 +0.0007 | 0.011
Au/CeO, | 3.2 Au-Au 7.3+05 2.851+0.012 | 0.0079 +0.0007 | 0.013
Au/CeO, | 3.2 Au-0O 1.8+0.3 2.05+0.02 0.0095 £ 0.0012 | 0.013

Gold nanoparticles supported on ceria exhibited interface-specific coordination not present in unsupported
particles. Au Ls-edge EXAFS showed not only Au-Au metallic bonding at 2.85A but also a distinct Au-O
contribution at 2.05A with coordination number 1.8+0.3. This Au-O shell arose from gold atoms bonding to
ceria support oxygen, creating catalytically active perimeter sites. Ce Ls-edge XANES of the support showed
partial reduction from Ce* to Ce* near gold-ceria interfaces, indicating charge transfer and strong metal-
support interaction.

5.2 Energy Storage Materials: Electrochemical Evolution

Lithium cobalt oxide (LiCoO2) cathode materials underwent systematic structural changes during
electrochemical cycling revealed by Co K-edge XAS. XANES spectra showed progressive edge shift to higher
energies during delithiation (charging), consistent with Co*" oxidation toward Co*". The edge position shifted
+3.2 eV from fully lithiated Lii.oCoO:2 to delithiated Lio.sC0QO2, with linear correlation between edge position
and lithium content allowing quantitative state-of-charge determination.

EXAFS analysis tracked local structure evolution during cycling. Fresh LiCoO: exhibited Co-O coordination
number of 6.0+0.3 at distance 1.91A, characteristic of octahedral CoOs environment in layered structure. Upon
delithiation to Lio.sC0oOz, the Co-O distance contracted to 1.88A reflecting smaller Co** ionic radius, while
coordination remained constant. Extended cycling (200 cycles) introduced structural disorder evidenced by
increased Debye-Waller factor (6> = 0.012A2 versus 0.006A2 for pristine material) and emergence of alternative
Co-O distances indicating local distortions and defect formation.
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Figure 2: Operando XAS of LiCoO: Cathode During Electrochemical Cycling
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Lithium iron phosphate (LiFePOs) exhibited distinct two-phase behavior during lithiation-delithiation. Fe K-
edge XANES showed coexistence of Fe** (in LiFePO.) and Fe** (in FePOs) phases at intermediate states of
charge, with relative phase fractions determined by linear combination fitting. At 50% state of charge, fitting
yielded 53+3% LiFePOas and 47+3% FePOs, confirming two-phase reaction mechanism rather than continuous
solid solution.

Silicon anode materials demonstrated dramatic structural transformation during lithiation. Si K-edge EXAFS of
pristine crystalline silicon showed characteristic tetrahedral Si-Si coordination at 2.35A with N = 4.0. Upon
lithiation forming LiisSia, EXAFS peaks broadened substantially and shifted, indicating amorphization and Li-Si
alloy formation. The first coordination shell shifted to longer distance (2.48A) with reduced coordination
number (N = 2.8), reflecting disordered lithium-silicon bonding. Delithiation restored partially ordered silicon,
though with smaller Si-Si coordination number (N = 3.2) than pristine material, indicating incomplete structural
recovery contributing to capacity fade.

5.3 Quantum Dots: Surface Chemistry and Core-Shell Structures

Cadmium selenide quantum dots exhibited size-dependent coordination evidenced by Cd Ls-edge EXAFS. For
8nm diameter CdSe quantum dots approximating bulk-like structure, Cd-Se coordination number was 3.9+0.3,
approaching the ideal wurtzite value of 4. Smaller 2.5nm guantum dots showed reduced Cd-Se coordination (N
= 3.1+0.3), consistent with substantial surface atom fraction having incomplete coordination shells. The Cd-Se
bond distance remained essentially constant (2.63A) across sizes, indicating quantum confinement affects
primarily electronic structure rather than bond lengths.

Surface passivation effects were clearly resolved. Oleic acid-capped CdSe quantum dots showed additional
weak EXAFS contribution at 2.35A assigned to Cd-O coordination from carboxylate binding. Quantitative
fitting determined Cd-O coordination number of 0.8+0.2, indicating that approximately 20% of surface
cadmium atoms coordinate to organic ligands. Thiol-capped quantum dots exhibited stronger Cd-S contribution
at 2.52A with higher coordination number (N = 1.3), suggesting more complete surface coverage by thiol
ligands.
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Figure 3: EXAFS Analysis of CdSe/ZnS Core-Shell Quantum Dots

Core-shell CdSe/zZnS quantum dots demonstrated interfacial alloying through dual-edge EXAFS analysis. Cd
Ls-edge EXAFS showed not only expected Cd-Se coordination but also Cd-S contribution at 2.45A with N =
0.6+0.2, indicating cadmium atoms at the core-shell interface bond to zinc sulfide shell. Complementary Zn K-
edge EXAFS revealed Zn-S coordination from shell (N = 3.80.3 at 2.34A) plus weak Zn-Se contribution (N =
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0.4+0.2 at 2.48A) from interfacial zinc atoms bonding to selenide core. This bidirectional interfacial
coordination confirmed gradual compositional transition rather than atomically abrupt core-shell boundary.

Manganese-doped CdSe quantum dots enabled tracking dopant incorporation via Mn K-edge EXAFS.
Manganese substituting for cadmium in the wurtzite lattice exhibited Mn-Se coordination at 2.55A with N =
3.7+0.4, closely matching host Cd-Se coordination. This confirmed successful lattice incorporation rather than
surface segregation or separate manganese selenide phase formation. The slightly shorter Mn-Se versus Cd-Se
bond reflected smaller manganese ionic radius introducing local lattice strain.

5.4 Two-Dimensional Materials and Heterostructures

Molybdenum disulfide (MoSz) exhibited polymorph-dependent coordination revealed by Mo K-edge XAS.
Semiconducting 2H-MoS: showed Mo-S coordination number of 6.0+0.3 at distance 2.41A, consistent with
trigonal prismatic MoSs coordination. Metallic 1T-MoS. exhibited altered local structure with Mo-S distance of
2.45A and evidence of octahedral coordination from modified EXAFS phase. XANES pre-edge features
differed dramatically between polymorphs, with 2H showing weak pre-edge intensity and 1T displaying strong
features reflecting different d-orbital occupancy and symmetry.

Chemical exfoliation effects were tracked through sulfur K-edge measurements. Bulk MoS: S K-edge showed
characteristic absorption features from S 2p — Mo 4d transitions. Lithium-intercalated and exfoliated MoS:
exhibited edge shifts and intensity changes indicating charge transfer and Mo-S bonding modifications.
Quantitative analysis revealed approximately 10% reduction in S-Mo coordination for exfoliated monolayers
compared to bulk, consistent with removal of interlayer sulfur interactions.

MoS:/graphene heterostructures showed interlayer interactions through subtle XAS changes. Graphene oxide C
K-edge spectra exhibited enhanced n* resonance intensity and slightly shifted o* features in heterostructures
versus pure graphene oxide, suggesting electronic coupling between materials. Mo K-edge EXAFS of MoS: in
heterostructures showed minimal changes in Mo-S coordination but small modifications in longer-range
structure, indicating preserved local MoS: structure with altered stacking.

Ti:C.T_x MXene materials demonstrated surface termination effects crucial for applications. Ti K-edge XANES
showed oxidation states between Ti** and Ti**, with precise values depending on synthesis conditions and
surface groups (T_x = -O, -OH, -F). EXAFS revealed Ti-C coordination at 2.08A from carbide framework plus
Ti-O and Ti-F contributions at 1.95A and 2.01A respectively from surface terminations. Quantitative fitting of
termination coordination numbers enabled determining surface group composition complementing other
characterization techniques.

Table 4: Summary of XAS-Derived Insights Across Nanostructured Material Classes

Material Class Key XAS Insights Structural Oxidation Unique
Parameters States Advantages

Catalytic Nanoparticles Size-dependent Pt-Pt: 5.2-11.8 CN; | Pto/Pt*", Operando
coordination, metal- | Au-O:  2.05 A | AuYAu* tracking of
support bonding, | interface active sites
oxidation-reduction
cycling

Battery Electrodes Oxidation  state  vs. | Co-O: 1.88-1.91 A; | Co** — | Quantitative
charge, structural | LiFePO4/FePOx Co*, state-of-charge
disorder, phase | coexistence Fe**/Fe** correlation
transformations

Quantum Dots Surface coordination, | Cd-Se: 3.1 CN | Cd**, Zn** Element-specific
ligand binding, core-shell | (2.5nm), 3.9 CN core vs. shell
interfaces (8nm)

2D Materials Polymorph Mo-S: 2.41 A (2H), | Mo*, Ti*- | Layer-dependent
identification, exfoliation | 2.45 A (1T) Ti3* coordination
effects, heterostructure
interactions
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Environmental/Biomedical | Contaminant adsorption | Inner-sphere vs. | Fe*"/Fe*, Mechanism
geometry, surface | outer-sphere Au®Au’ determination
functionalization, binding
biodistribution

DISCUSSION

6.1 XAS Advantages for Nanostructured Materials

The research demonstrates XAS's unique capabilities addressing hanomaterials characterization challenges that
conventional techniques cannot fully resolve. The element-specificity enables selective probing of individual
components in complex multicomponent nanostructures—measuring cobalt independently from nickel and
manganese in mixed-metal battery cathodes, distinguishing core cadmium from shell zinc in quantum dots, or
tracking platinum separately from support alumina in catalysts. This selectivity proves invaluable when
techniques like X-ray diffraction average over all elements or when electron microscopy struggles to distinguish
elements with similar atomic numbers.

The local structure sensitivity provides critical information about nanoparticles, amorphous materials, and
surface species where long-range order is absent. While XRD requires crystalline domains exceeding several
nanometers and shows reduced sensitivity for materials with broad diffraction peaks, EXAFS probes atomic-
scale structure regardless of long-range order. This capability proved essential for characterizing amorphous
lithiated silicon, disordered surface ligands on quantum dots, and chemically exfoliated MoS: lacking interlayer
periodicity.

The ability to perform measurements under operating conditions through in-situ and operando approaches
enables tracking dynamic transformations invisible to ex-situ techniques. Catalyst structural changes during
reaction at elevated temperature and reactive atmosphere, battery electrode evolution during electrochemical
cycling, and quantum dot surface chemistry modifications during ligand exchange all required real-time XAS
measurements. Post-reaction characterization of quenched samples often misses transient intermediates or
records relaxed structures differing from working states.

6.2 Complementarity with Other Characterization Techniques

XAS provides maximum value when combined with complementary techniques in integrated characterization
strategies. Transmission electron microscopy offers direct visualization of nanoparticle size, shape, and
crystallinity that XAS infers indirectly from coordination numbers and disorder factors. However, TEM samples
limited volumes and may introduce artifacts from high-energy electron beams or vacuum conditions, while XAS
characterizes bulk samples under realistic environments. For catalytic platinum nanoparticles, TEM sizing
confirmed EXAFS coordination number trends while EXAFS revealed support interactions invisible in TEM.
X-ray diffraction provides long-range crystallographic information complementing XAS local structure. XRD
identified phase transformations in battery materials (LiFePOs <> FePO.) while EXAFS quantified local
distortions and disorder within each phase. For materials with both crystalline and amorphous components,
combining XRD (sensitive to crystalline fraction) with EXAFS (sensitive to all coordination) gave complete
structural characterization.

X-ray photoelectron spectroscopy offers surface-sensitive oxidation state determination and chemical
environment analysis complementing XAS's bulk-averaged information. For supported gold catalysts, XPS
selectively probed surface gold oxidation while EXAFS provided average oxidation states weighted by all
atoms. The combination distinguished surface from core oxidation in nanoparticles. However, XPS requires
ultrahigh vacuum and samples only outer few nanometers, while XAS operates under diverse conditions probing
tens to hundreds of nanometers.

6.3 Challenges and Limitations

Several limitations constrain XAS applications to nanostructured materials despite its powerful capabilities. The
requirement for synchrotron radiation limits accessibility compared to laboratory techniques, though increasing
synchrotron facility numbers and mail-in programs partially address this challenge. Beamtime allocation
competition remains intense, favoring well-justified experiments with clear scientific impact.
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Data analysis complexity, particularly EXAFS fitting, requires expertise in photoelectron scattering theory and
structural modeling that presents barriers for non-specialists. Multiple scattering contributions in high-symmetry
nanostructures, proper treatment of Debye-Waller factors distinguishing thermal disorder from static structural
variation, and selecting appropriate fitting ranges and parameters all demand careful consideration.
Misinterpretation risks arise when fitting poorly-defined structural models to noisy data.

Sample heterogeneity complicates interpretation when nanoparticle size distributions, mixed oxidation states, or
compositional variations cause XAS spectra to represent ensemble averages over diverse local environments.
For instance, EXAFS-derived coordination numbers from polydisperse nanoparticles represent weighted
averages over size distribution rather than characteristic values for single sizes. Deconvoluting heterogeneous
contributions requires either complementary size characterization or simplified model systems.

Radiation damage sensitivity of some nanomaterials, particularly organic-ligand-capped nanoparticles and
biological samples, necessitates careful dose management. Quantum dots with organic surface ligands showed
degradation manifested as EXAFS signal changes during extended exposure. Cryogenic cooling and reduced
flux density mitigated damage but complicated measurements and reduced signal-to-noise ratios.

6.4 Emerging Directions and Future Opportunities

Several emerging XAS developments will expand nanomaterials characterization capabilities. High-energy-
resolution fluorescence-detected (HERFD) XAS reduces core-hole lifetime broadening sharpening spectral
features and improving chemical sensitivity. This technique proved particularly valuable for distinguishing
subtle oxidation state differences in mixed-valence systems and resolving overlapping absorption edges from
different elements.

Time-resolved XAS with microsecond to nanosecond temporal resolution enables tracking ultrafast processes
including photocatalytic intermediate formation, charge carrier dynamics in quantum dots, and rapid phase
transformations. These pump-probe experiments correlate optical or electrical excitation with structural and
electronic response, revealing transient states invisible to steady-state measurements.

Spatially-resolved XAS using focused beams (micro-XAS with micrometer spots, nano-XAS with tens of
nanometers) enables mapping nanoparticle distributions in heterogeneous samples. Applications include
tracking nanoparticle transport in environmental systems, mapping battery electrode composition gradients, and
correlating local structure with functional properties in position-dependent measurements.

Machine learning applications to XAS data analysis show promise for accelerating interpretation and
discovering structure-property relationships. Neural networks trained on calculated or experimental spectra
enable rapid fingerprint matching for phase identification. Automated EXAFS fitting using genetic algorithms
or Bayesian optimization explores parameter spaces more thoroughly than manual fitting. These computational
approaches will make XAS more accessible to broader research communities.

CONCLUSION

This comprehensive investigation demonstrates X-ray absorption spectroscopy as an indispensable
characterization technique for nanostructured materials across diverse applications. The element-specific and
local structure-sensitive nature of XAS provides unique insights into atomic coordination, oxidation states, and
bonding environments that complement conventional characterization methods. Analysis of 342 nanostructured
samples spanning catalysis, energy storage, quantum dots, two-dimensional materials, and biomedical
applications established XAS's versatility and power.

For catalytic nanoparticles, XAS revealed size-dependent coordination numbers correlating with catalytic
activity, metal-support interface bonding creating active sites, and dynamic oxidation-reduction cycling under
reaction conditions. Operando measurements demonstrated that working catalyst structures differ substantially
from ex-situ characterization, emphasizing the importance of in-situ studies. Quantitative EXAFS fitting
provided structural parameters with 0.02A bond length precision enabling detection of subtle changes during
catalytic transformations.
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Energy storage materials characterization showed systematic oxidation state evolution during electrochemical
cycling with quantitative correlation between XAS edge position and lithium content. Structural disorder
accumulation during extended cycling was quantified through Debye-Waller factor increases, providing
mechanistic understanding of capacity fade. Phase coexistence in two-phase electrode materials was definitively
identified through linear combination X ANES fitting, validating electrochemical models.

Quantum dot analysis distinguished core from shell environments through element-specific EXAFS, revealing
interfacial alloying rather than abrupt compositional boundaries. Surface ligand coordination was quantified,
demonstrating that XAS uniquely probes buried interfaces and surface chemistry invisible to microscopy. Size-
dependent coordination numbers validated quantum confinement effects on atomic structure.

Two-dimensional materials showed polymorph-dependent coordination geometries enabling phase
identification, while heterostructure characterization revealed interlayer interactions and charge transfer. Surface
termination quantification in MXenes demonstrated XAS's capability for determining functional group
compositions challenging for other techniques.

The research establishes best practices for XAS applications to nanomaterials including measurement geometry
selection, data quality assurance, radiation damage mitigation, and multi-technique correlation. Integration with
complementary characterization provides comprehensive materials understanding exceeding what any single
technique achieves. While limitations including synchrotron access requirements and analysis complexity
remain, ongoing developments in high-energy-resolution detection, time-resolved capabilities, and spatially-
resolved mapping expand XAS's already impressive capabilities.

Looking forward, XAS will continue playing central roles in nanomaterials research as demands for atomic-
level understanding of structure-property relationships intensify. The technique's unique combination of
element-specificity, local structure sensitivity, and operando capabilities positions it as essential infrastructure
for advancing nanoscience from fundamental discovery to technological applications. The comprehensive
characterization framework established here provides guidance for researchers seeking to leverage XAS's full
potential for understanding and optimizing nanostructured materials.
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