
Abstract—Iron  oxides  are  promising  materials  for  a  wide 

range of applications including photocatalytic water splitting, 

energy storage, and heterogeneous catalysis. However, under-

standing  the  interaction  between  iron  oxide  nanoparticles 

(Fe O  nps)  and liquid  water  at  the  molecular  level  remains₂ ₃  

challenging due to the limitations of conventional surface anal-

ysis techniques. In this study, we present an in-situ X-ray Pho-

toelectron Spectroscopy (XPS) investigation of Fe O  nps sus₂ ₃ -

pended in aqueous solution using a custom-designed environ-

mental cell  (e-cell),  sealed with ultrathin silicon nitride (SiN) 

membranes. The attenuation of Fe 2p photoelectrons through 

3–5 nm thick membranes was modeled and experimentally ver-

ified, enabling successful detection of chemical states within the 

aqueous suspension. Depth relevant information revealed a lay-

ered structure of the nps, with surface hydroxide species,  an 

Fe O  core, and an intermediate FeOx phase. Spectra close to₂ ₃  

the valence band region confirmed the liquid nature of the en-

capsulated  solution  via  the  detection  of  water  molecular  or-

bitals,  while  ionic  Na  signals  further  demonstrated  the⁺  

method’s  capability  for  detecting  dissolved  species.  This  ap-

proach  provides  a  powerful  platform for  real-time  chemical 

analysis  of  solid-liquid  interfaces  under  ambient-like  condi-

tions,  with broad implications for catalysis,  electrochemistry, 

and environmental science.

Index Terms—In-situ XPS, Iron oxide nps, Solid-liquid inter-

face,  Environmental  cell,  Aqueous  suspension,  Redox  chem-

istry, Dissolved ions

I. INTRODUCTION

RON  oxides possess a combination of attractive charac-

teristics—such as low toxicity, robust stability, and low 

cost—that make them suitable for numerous emerging tech-

nologies. For instance, α-Fe O  has a band gap that is nearly₂ ₃  

optimal for driving solar-powered water splitting, carried out 

through the reaction:

I

H2O ─> 1⁄2O2+ H2

enabling the conversion of sunlight into chemical fuel and 

providing a significant pathway for hydrogen generation.[1] 

Additionally, α-Fe O  is being explored for energy-storage₂ ₃  

applications, particularly as an anode material in lithium-ion 

batteries, as well as in various heterogeneous catalytic pro-

cesses.[2] 

Understanding  how  water  dissociatively  chemisorbs  on 

solids is a central topic in surface science, as surface hydrox-

yls can strongly modify surface characteristics and strongly 

influence  reactivity.  [3]  Beyond  its  relevance  to  electro-

chemical  and photoelectrochemical  water  splitting—where 

external conditions drive the breaking of O–H bonds—the 

basic mechanisms by which water interacts with clean, well-

defined surfaces remain under active investigation. Although 

debates persist in certain systems regarding whether water 

adsorbs intact  or  dissociates  upon adsorption,  it  is  widely 

recognized that surface imperfections, especially on metal-

oxide substrates, can promote the spontaneous cleavage of 

water molecules. 

The aforementioned applications make fundamental  un-

derstanding of Iron (Fe and FexOy) reactivity at the liquid/

solid  interface,  crucial  for  rational  design of  materials.  A 

number of experimental approaches for the study of liquids 

at the molecular level, with the use of surface sensitive tech-

niques, have been proposed during the last two decades. X-

Ray Photoelectron Spectroscopy (XPS) has been applied on 

liquids  using  different  experimental  setups  like:  ambient 

pressure XPS[4], use of environmental cells, consisting of a 

few layers thick graphene[5, 6], grapheme oxide[7], or sili-

con nitride membranes[8] and with the use of liquid-micro-

jets [9].

II. EXPERIMENTAL

In  the  present  study  the  approach  used  to  study  the 

liquid/solid interface, was proposed by Raimu Endo et al.[8] 

We created an environmental cell (e-cell) in which a liquid 

can be sealed inside a cavity, using a 5nm thick SiN mem-

brane as a window, quasi-transparent for X-rays/photoelec-

trons, that separates the vacuum from the environment (Fig-

ure 1). The nanoparticle (np) suspension used, is the alpha-

Fe2O3 10nm np 15wt% water dispersion (99.9% purity, Or-

ange-Red)  from US Research Nanomaterials,  Inc.  The np 

suspension  was  encapsulated  in  silicon  microchips  (SiM-

Pore, Inc.), with a 25 x 25 μm window covered by a 5 nm-

thick  SiN membrane  at  the  center  of  the  3-mm-long  mi-

crochip. The microchips were used as received, without any 

further treatment before the introduction in the Ultra High 

Vacuum (UHV) chamber.
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Figure 1. Cross-sectional schematic representation of the Si chip filled 

with H2O, sealed on the top side by a SiN membrane and with Torr seal 

glue on the bottom side.

The XPS measurements were performed using a Kratos 

AXIS Ultra DLD XPS system with a hemispherical energy 

analyzer  and  a  conventional  lab-based  monochromatic  Al 

Kα source, operated at 15 keV and 150 W. The X-rays were 

incident at an angle of 45° with respect to the surface nor-

mal.  Analysis  was  performed at  a  pressure ~3x10-9 mbar. 

High  resolution  core  level  spectra  were  measured  with  a 

Pass Energy (PE) of 40 eV, except Fe 2p regions that were 

recorded with 80 ev PE. The XPS experiments on the e-cell 

were performed without the use of an electron gun (e-gun), 

although for the dried samples on HOPG an e-gun was used 

and directed electrons on the sample for charge neutraliza-

tion. Ion sputtering was performed by accelerating Ar+ ions 

(4 kV, 15 mA emission) towards the e-cell’s surface for 40 

sec. The estimated thickness of the removed layer under the 

sputtering conditions used in this study, is 2nm for each 40 

sec cycle. 

The 25 μm wide SiN window of 5 nm thickness, can hold 

2.25 atm of pressure according to the manufacturer’s stan-

dards, which is more than twice the ambient pressure inside 

the e-cell. It is expected that SiN thickness of ~2.5 nm could 

still hold more than 1 atm of pressure. The attenuation ratio, 

Iexp / I0, of photoelectrons for the Fe 2p peak can be calcu-

lated by the equation:

Iexp / I0 = exp (d / λIMFP ∙ cos θ) (1)

where d, λIMFP, and θ are the thickness of the membrane, the 

inelastic mean free path of Fe 2p and the take-off angle of 

photoelectrons,  respectively.  The  λIMFP for  photoelectrons 

with kinetic energy of ~776.0 eV (Ekin = hv – Ebinding, hv = 

1486.6 eV) below a layer of inorganic compound, is 2.7 nm. 

Angle  θ in the experimental setup used in these measure-

ments is 0o (cos  θ = 1), because the electron analyzer was 

placed parallel to the surface normal of the e-cell surface.

Figure 2 shows that the experimental setup used for these 

studies is expected to permit 15.7% of the inelastic emitted 

Fe 2p photoelectrons from the solution to pass a 5 nm thick 

SiN membrane. When the SiN is thinner, around 3 nm thick, 

the 33.0% of the inelastic emitted Fe 2p photoelectrons from 

the  solution  are  expected  to  pass  through  the  membrane. 

These  theoretical  calculations  clearly  demonstrate  that 

recording of the Fe 2p peak through a thin SiN membrane is 

possible when using conventional X-Rays. In order to im-

prove the signal to noise ratio, long recorded times might be 

needed.

Figure 2. Attenuation ratio of the Fe 2p photoelectron intensity (Iexp /I0) 

passing through the SiN membrane as a function of the membrane 

thickness.

III. RESULTS & DISCUSSION

he Fe 2p peaks that were recorded through the SiN win-

dow are shown in Figure 3 in comparison to the Fe 2p spec-

trum acquired from the dried Fe2O3 np aqueous suspension 

on  HOPG.  The  as-received  window  was  contaminated 

mainly by SiO2 and Carbon preventing the recording of the 

XPS signal from the suspension inside the e-cell. After re-

moving surface atomic layers with Ar+ sputtering, the Fe 2p 

peaks were recorded, for the 5nm and 3nm thick windows. 

Peak deconvolution of the data, showed in both cases the ex-

istence of three chemical states of iron in the suspension. It 

is obvious that Fe2O3 np were able to dissociate water inside 

the solution, creating iron hydroxide species on the np sur-

face. Signal for the Fe2O3 state is detected in the Fe 2p re-

gion and also a lower BE contribution at ~708.0 eV attrib-

uted to FeOx with x < 1. It is known that water interaction 

with Fe2O3 reduces iron from Fe3+ to Fe 2+ due to the creation 

of  oxygen  vacancies,[10]  but  in  the  present  study  we 

recorded that inside the aqueous solution, iron oxide is re-

duced even to lower oxidation state than Fe (II). The same 

solution that was dried in the ambient on HOPG, shows that 

the reduction caused from water is from Fe (III) to Fe(II) as 

reported in the literature.

The lower than Fe (II) oxidation state of Fe2O3 suspen-

sion  in  water,  indicates  stronger  water-np  interaction  that 

was not previously observed. XPS studies on dried samples 

were not able to capture the real oxidation state of Iron in-

side the solution making the current experimental approach 

invaluable  for  in-situ  measurements.  The  presence  of  hy-

droxides  on the dried sample is  expected in  the literature 

[11], as hydroxides are stable enough to be detected on met-

als under Ultra High Vacuum conditions.

By removing ~2 nm of SiN layer on top of the np suspen-

sion, we are able to record Fe 2p photoelectrons from ~2nm 
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deeper. This depth dependent information (Figure 4) showed 

that  the  intensity  ratio  of  the  Fe  2p  peak  contributions 

changes as a function of the depth of analysis. The hydrox-

ide contribution to the overall Fe 2p signal reduces as we get 

information from deeper inside the np, the Fe2O3 contribu-

tion increases and the FeOx is almost stable (Figure 4).

Figure 4. Depth-dependence of the Fe 2p intensity of the different iron 

chemical states.

The information provided by these changes in the peak in-

tensity ratio, indicate a layered structure of the np due to the 

interaction with liquid water (Scheme 1). The nps consist of 

a  surface  layer  of  iron  hydroxide  and  a  Fe2O3 core.  The 

FeOx state of iron, extends within the other two iron states, 

almost homogeneously from the outer surface layers close to 

the Fe2O3 core.

Scheme 1. Chemical characterization of layered structure of Fe2O3 np 

in water.

Finally, the strength and the relevance of the current ex-

perimental approach is demonstrated by recording the region 

at  low  Binding  Energies  close  to  the  valence  band  (Fig-

ure 5). The electronic structure of liquid water has been the 

focus  of  extensive  theoretical  and  experimental  investiga-

tion, yielding a well-established description of its five filled 

and  three  lowest  empty  molecular  orbitals:  (1a )²  (2a )²₁ ₁  

(1b )² (3a )² (1b )² (4a )  (2b )  (3b ) . The two orbitals at the₂ ₁ ₁ ₁ ⁰ ₂ ⁰ ₂ ⁰  

lowest  energies—1a  (non-bonding)  and  2a  (bonding)—₁ ₁

originate primarily from the oxygen atom’s 1s (entirely) and 

2s (predominantly) atomic orbitals. These features are char-

acteristic  signatures  of  liquid-phase  water,  and  detecting 

them serves as evidence that the sample indeed exhibits liq-

uid-like behavior.

We have to note here that photoelectrons with low Bind-

ing Energy have the highest Kinetic Energy possible for the 

excitation energy of the X-Rays used for conventional XPS. 

For that  reason,  the percentage of  the inelastic  photoelec-

trons that are expected to pass through the SiN membrane 

and reach the analyzer, is much higher than the Fe 2p photo-

electrons. For that reason, the peak Intensity in the recorded 

region close the Valence band is much higher than the peak 

intensity of the region of the Fe 2p peak.

In Figure 5 we can clearly see that the 2α1 molecular or-

bital of liquid water was recorded for both SiN thicknesses 

presented in these studies, indicating that the liquid solution 

was present inside the cell during the measurements.[12, 13] 

An additional bonus feature is that we were able to record 

dissolved  ions  into  the  liquid.  The  Na  + (2p)  peak  was 

recorded indicating the presence of Na ions in the solution.

[14,  15]  The  capability  of  recording  the  presence  of  ele-

ments in their ionic state in liquids can have tremendous im-

pact to environmental studies making the current experimen-

Figure 3. Fe 2p photoelectron spectra acquired from the e-cell filled 

with Fe2O3 np aqueous suspension without charge neutralization in 

comparison to the Fe 2p spectrum acquired from the dried Fe2O3 np 

aqueous suspension on HOPG.
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tal approach valuable to studies form other fields than catal-

ysis.

Figure 5. Liquid water orbital 2a1 recorded from the solution inside the 

E-cell. The ionic state Na+ (2p) was also recorded from the solution in-

dicating the presence of dissolved ions into the water.

IV. CONCLUSIONS

We  have  demonstrated  a  robust  in-situ  experimental 

method for probing the chemical state of iron oxide nanopar-

ticles in aqueous environments using XPS through ultrathin 

SiN membranes. Our findings reveal that Fe O  nps interact₂ ₃  

strongly  with  liquid  water,  leading  to  partial  reduction of 

Fe³  to Fe²  and even lower oxidation states, which cannot be⁺ ⁺  

captured  by  traditional  XPS  analysis  of  dried  samples. 

Depth-resolved  measurements  show  a  stratified  structure 

composed of an outer hydroxide layer, a Fe O  core, and a₂ ₃  

stable FeOx intermediate. Additionally, the detection of liq-

uid-phase  molecular  orbitals  and  dissolved  Na  ions  con⁺ -

firms the presence and analyzability of the liquid environ-

ment inside the e-cell. This work validates the use of SiN-

based e-cells for in-situ XPS analysis of solid-liquid inter-

faces and opens new possibilities for studying redox reac-

tions, surface chemistry, and ionic species in fields ranging 

from catalysis and energy storage to environmental science.

ACKNOWLEDGMENT

The  author  would  like  to  thank  Phasma  Labs  Inc.  for 

funding the research and providing the XPS experimental 

capabilities.

REFERENCES

[1] N. Lahiri et al., "Interplay between Facets and Defects during the Dis-

sociative and Molecular Adsorption of Water  on Metal  Oxide Sur-

faces,"  J.  Am.  Chem.  Soc.,  vol.  145,  p.  2930−2940,  2023,  doi: 

10.1021/jacs.2c11291.

[2] Y.-M.  Lin,  P.  R.  Abel,  A.  Heller,  and  C.  B.  Mullins,  "α-Fe2O3 

Nanorods  as  Anode  Material  for  Lithium  Ion  Batteries,"  J.  Phys.  

Chem. Lett., vol. 2, pp. 2885–2891, 2011, doi: 10.1021/jz201363j.

[3] H.  Xu et  al.,  "Splitting Water  on Metal  Oxide Surfaces,"  J.  Phys.  

Chem. C, vol. 115, pp. 19710–19715, 2011, doi: 10.1021/jp2032884.

[4] D. Shah et al., "Liquid water, by near-ambient pressure XPS," Surface 

Science  Spectra,  vol.  26,  p.  024003,  2019,  doi:  1055-

5269/2019/26(2)/024003/6.

[5] J. Kraus et al., "Photoelectron Spectroscopy of Wet and Gaseous Sam-

ples through Electron Transparent Graphene Membranes," Nanoscale,  

vol. 6, pp. 14394-14403, 2014, doi: 10.1039/C4NR03561E.

[6] R. S. Weatherup, B. Eren, Y. Hao, H. Bluhm, and M. B. Salmeron, 

"Graphene Membranes for Atmospheric Pressure Photoelectron Spec-

troscopy,"  J.  Phys.  Chem.  Lett.,  vol.  7,  p.  1622−1627,  2016,  doi: 

10.1021/acs.jpclett.6b00640.

[7] A. Kolmakov et al., "Graphene oxide windows for in situ environmen-

tal cell photoelectron spectroscopy,"  Nat. Nanotechnology vol. 6, pp. 

651–657, 2011, doi: 10.1038/NNANO.2011.130.

[8] R. Endo, D. Watanabe, M. Shimomura, and T. Masuda, "In situ X-ray 

photoelectron spectroscopy using a conventional Al-Kα source and an 

environmental  cell  for  liquid  samples  and  solid-liquid  interfaces," 

Appl. Phys. Lett., vol. 114, p. 173702, 2019, doi: 10.1063/1.5093351.

[9] J. P. Bruce and J. C. Hemminger, "Characterization of Fe2+ Aqueous 

Solutions with Liquid Jet X-ray Photoelectron Spectroscopy: Chloride 

Depletion at the Liquid/ Vapor Interface Due to Complexation with 

Fe2+,"  J.  Phys.  Chem.  B,  vol.  123,  p.  8285−8290,  2019,  doi: 

10.1021/acs.jpcb.9b06515.

[10] S. Poulin, R. Franca, L. M.-B. ´langer, and E. Sacher, "Confirmation 

of X-ray Photoelectron Spectroscopy Peak Attributions of Nanopartic-

ulate Iron Oxides, Using Symmetric Peak Component Line Shapes," 

J.  Phys.  Chem. C,  vol.  114,  pp.  10711–10718 2010,  doi:  10.1021/

jp100964x.

[11] P. Zhao and B. E. Koel, "Water Oxidation Catalysis: E ects of Nickel 

Incorporation  on  the  Structural  and  Chemical  Properties  of  the 

α-Fe2O3(0001)  Surface,"  ACS  Appl.  Mater.  Interfaces,  vol.  6,  p. 

22289−22296, 2014, doi: dx.doi.org/10.1021/am5062773.

[12] B. Winter, R. Weber, W. Widdra, M. Dittmar, M. Faubel, and I. V. 

Hertel, "Full Valence Band Photoemission from Liquid Water Using 

EUV Synchrotron Radiation,"  J. Phys. Chem. A,  vol. 108, pp. 2625-

2632, 2004, doi: 10.1021/jp030263q.

[13] B. Jagoda-Cwiklik, P. Slavıcek, D. Nolting, B. Winter, and P. Jung-

wirth,  "Ionization  of  Aqueous  Cations:  Photoelectron  Spectroscopy 

and ab Initio Calculations of Protonated Imidazole," J. Phys. Chem. B,  

Letters, vol. 112, pp. 7355-7358, 2008, doi: 10.1021/jp802454s.

[14] N. Ottosson, M. Faubel, S. E. Bradforth, P. Jungwirth, and B. Winter, 

"Photoelectron  spectroscopy  of  liquid  water  and  aqueous  solution: 

Electron effective attenuation lengths and emission-angle anisotropy," 

Journal of Electron Spectroscopy and Related Phenomena,  vol. 177, 

pp. 60–70, 2010, doi: 10.1016/j.elspec.2009.08.007.

[15] B. Winter et al., "Electron Binding Energies of Aqueous Alkali and 

Halide Ions: EUV Photoelectron Spectroscopy of Liquid Solutions and 

Combined Ab Initio and Molecular Dynamics Calculations,"  J. AM. 

CHEM. SOC., vol. 127, pp. 7203-7214, 2005, doi: 10.1021/ja042908l.

32 PROCEEDINGS OF THE ICETASI. AMALIADA, 2025


