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Challenges and Strategies for Probing the Composite Interface of PEM 

Electrolyzers and Fuel Cells Using Operando AP-XPS 

Rebecca Hamlyn,a Johannes Mahl,b Xueqiang Zhang,c Damon English,b Terry McAfee,b and Ethan J. 
Crumlin*a,b 

Understanding the surface chemistry of electrocatalyst systems under operando conditions is central to revealing the 

electrocatalytic cell’s working mechanisms. Determination of these catalytic processes on a molecular scale and the involved 

components is fundamental to streamlining material design for energy conversion and storage applications. X-ray 

photoelectron spectroscopy (XPS) is an established technique used to study the chemical and electronic states of materials. 

While the surface sensitivity of XPS is typically high, use of tender X-ray energies and technical advancements have allowed 

for the direct probing of solid–vapor and solid–liquid interfaces. However, protocols and documentation of experimental 

considerations for operando XPS probing of working electrolyzers and fuel cells remain scarce. Herein, we report an 

approach for the study of working polymer electrolyte membrane (PEM) electrolysis cells using ambient pressure X-ray 

photoelectron spectroscopy (AP-XPS). This approach directly probes the composite electrode surface on the membrane 

electrode assembly (MEA) in 100% relative humidity to establish a meaningful liquid layer for electrocatalysis. We carry out 

a systematic investigation from the cell constituent components to a fully assembled working operando electrolytic system 

and establish a method for AP-XPS study of the complex composite MEA, providing recommendations for data acquisition 

and component analysis. 

Introduction 

Sustainability efforts focused on the storage and conversion 

of energy in the form of fuels require the continued 

advancement of electrochemical cells.1–4 The advancement of 

these systems involves the development of cost-effective, 

robust materials that efficiently convert electrical and chemical 

energy.5 Many of the specific design details will continue to 

evolve based on our understanding of the dynamic chemical 

processes occurring at the electrolyte/electrode interface. 

These processes have historically been challenging to elucidate 

due to the limitations of the surface-sensitive spectroscopic 

techniques used to probe material surfaces, including 

interference due to particle inelastic mean free paths (IMPFs) 

and the need for (ultra-)high-vacuum conditions for operation 

of certain components.6  However, recent advancements in 

techniques such as X-ray photoelectron spectroscopy (XPS) 

have made significant strides in overcoming these challenges.   

XPS is a quantitative technique that probes the elemental 

and chemical speciation, and local potential of a sample at its 

surface.7–10 The incident X-rays cause photoionization of atoms 

in the material to emit photoelectrons with a measured kinetic 

energy, which is easily converted to binding energy via the 

photoelectric relationship 

ℎ𝜈 = 𝐸𝐵 + 𝐸𝐾 +𝛷𝑆,       (1) 

where the incoming photon energy (ℎ𝜈) is equal to the sum of 

the electron binding energy (EB), the measured kinetic energy 

(EK) and the spectrometer work function (𝛷 𝑆 ). As the photon 

energy and the spectrometer work function are known or 

constant values, and the analyser collects the photoelectrons 

kinetic energy, the binding energy is readily obtained. The 

binding energy of the photoelectron is characteristic of its 

chemical environment, enabling correlation of observed species 

or states with the chemistry taking place at the surface.  

Since its advent as a UHV technique, XPS has advanced into 

the ambient pressure (AP) regime, enabling the study of surface 

phenomena in the presence of gases at pressures into the 

mTorr range.11,12 This development to higher pressures is 

primarily achieved through the use of differential pumping 

chambers for rapid reduction of the pressure in the path of the 

photoelectron, and electrostatic lenses that guide it through a 

series of small apertures toward the detector.13 

More recently, further technological advancement toward 

even higher pressures into tens and hundreds of Torr have 

facilitated the study of liquid and solid-liquid interactions. This 

leap has been facilitated by continued advancement of 

endstation design, specialized sample environments (such as 

photoelectron transmissible window cells and liquid jet 

systems) and in concert with synchrotron radiation sources that 
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provide the photon flux and energies that facilitate to probe the 

high pressure environment.14–18 Such operando studies offer 

detailed insight into electrocatalytic systems at the working 

interface.9,16,19–22 

Operando electrolysis and fuel cell studies require a 

continuous liquid layer on the sample of interest. For aqueous 

environments at room temperature, 100% relative humidity is 

achieved at a pressure of 20 Torr. Beamline 9.3.1 at the 

Advanced Light Source is able to reach these pressure and 

relative humidity conditions and is optimally designed to access 

the solid–liquid interface.9,21,23–25 This capability is, in part, 

enabled by the use of ‘tender’ X-rays (2–6 keV), which comprise 

photons of much higher energy than those of typical soft X-ray 

AP-XPS systems (0.2–1.5 keV). Tender X-rays yield 

photoelectrons with sufficiently high energy to escape the 

sample, liquid layer, and gaseous environment on their path to 

the detector.9,24,26 The ‘dip-and-pull’ method is applied for the 

analysis of bare bulk electrodes, which are submerged into a 

beaker of electrolyte and partially drawn back up to create a 

thin, continuous liquid layer in front of the analysis spot (Figure 

1A).9,24  

Some researchers have developed increasingly complex 

systems that involve cells with an X-ray permeable “sealing” 

mechanism to contain the liquid or minimize evaporation from 

the interface into vacuum. Examples include the use of a Si 

window thin enough (~15 nm) for the escape of electrons27 or 

the deposition of catalyst particles onto layers of graphene 

supported on holey-SiNx, as pioneered by Kolmakov, et al.28–32  

A more thorough review of these cells and systems can be found 

in the literature.9,17  

These advancements play an integral role in our 

understanding of the reaction mechanisms on model 

electrocatalysts. In practice, the material components and 

assembly of electrolyzers and fuel cells tend to have much 

greater complexity than the electrode catalyst alone.1,33 These 

systems include use of ionomer and carbon in the catalyst ink, 

porous transport layers (PTLs) to aid in water flow and current 

collection, etc., each with their own effects on the overall 

functionality and efficiency of the cell.33–35 While it is not 

possible to include every component of a fuel cell stack in a 

system for XPS analysis, due to the limited escape depths of 

emitted photoelectrons, advancements in the analysis of 

applied systems are possible to further our understanding of 

these complex interfaces.  

The preparation of the MEA is an important factor in the 

performance and local makeup of the electrode–electrolyte 

interface.35–39 Poor dispersal of components, especially the 

ionomer and catalyst, can lead to significant heterogeneities 

across a sample, resulting in ‘hot’ and ‘cold’ areas in terms of 

electrocatalytic performance.38,40,41 Further, with use, catalyst 

loss can occur through delamination and dissolution, as well as 

through the migration of components on and into the 

membrane.42–45 The degradation mechanisms in these 

composite systems remain a significant focus in the study of 

PEM electrolyzers, and this interest has driven the development 

Figure 1: Schematic comparing two exposed-electrode experimental set-ups for operando electrochemical AP-XPS. A) A ‘dip and 

pull’ 3-electrode system for model electrocatalyst studies in liquid electrolyte. B) The operando cell with an opening for access to 

the working electrode on a composite catalyst-coated membrane (CCM). This may be used in a 2 or 3 electrode configuration.
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of electrode systems for XPS analysis of membrane-based fuel 

cells and electrolyzers at synchrotron facilities.46–50 

Here, we continue this effort and report the development of 

two-electrode cells for the operando XPS investigation of 

composite MEA electrolysis systems. Our goal is to be able to 

analyze composite electrodes made using conventional MEA 

processing techniques for use in commercial systems. We 

replicate the humid environment of that used in the ‘dip-and-

pull’ method (~20 Torr) with an open window for access to the 

electrode–electrolyte interface, as shown in Figure 1B. These 

composite devices allow us to achieve much higher current 

densities than the model system counterparts, better emulating 

those of commercial systems and likely affecting chemical 

speciation of the catalyst. Importantly, we are able to obtain 

information from electrode adsorbates, the polymer electrolyte 

or other binders in addition to the catalyst for a comprehensive 

understanding of the composite interface and component 

interactions that drive the chemistry. However, due to the 

complex nature of these samples and experimental conditions, 

the set up and data acquisition is challenging. In this work, we 

offer considerations for the cell design and an experimental 

approach for effective and representative study of composite 

MEA electrodes. This work first establishes that we have a full 

liquid layer at the working electrode surface, and then 

demonstrates operando functionality and electrochemically 

active catalyst components. This study presents and discusses 

findings related to material variability and electrochemical 

responses across a set of MEAs and their potential impacts on 

cell design. An integrally important aspect of the process, 

assessment and alleviation of beam damage, is also addressed, 

as this is known to affect the polymer electrolyte.51–55 Finally, 

we offer an experimental strategy for the collection of spectra 

to minimize this effect and ensure accurate and representative 

XPS analysis of the composite electrodes.  This work serves as a 

guide for the materials chemistry community to a novel X-ray 

characterization approach for interrogating a wide range of 

complex material components, while navigating aspects of 

heterogeneity, electrical connectivity and effects of the beam.   

Experimental Methods 

Materials and controls 

A series of catalyst-coated membranes (CCMs) were used in 

this work. The CCMs are broadly categorized by their catalyst 

sources, including a custom commercial set from Fuel Cell Store, 

Inc. (FCS) and a laboratory-prepared set using Alfa Aesar (AA), 

Johnson Matthey (JM) and Tanaka Kikinzoku Kogyo (TKK) 

powder catalysts.  

The commercial Fuel Cell Store company’s catalyst inks were 

prepared by mixing powder catalyst nanoparticles with DI-

water, alcohol, and Nafion dispersion. The ink was deposited 

onto a Nafion 117 membrane with a loading of 3.0 mg/cm2 in 

the shape of a circular disk 5-6 mm in diameter.  

The laboratory-prepared samples are larger CCMs used for 

electrochemical testing in fuel cell stacks with an electrode 

surface area of 2.5 cm2. Inks were prepared by mixing ionomer 

(Nafion D521), Vulcan carbon and powder catalyst in an 

aqueous solution with propanol (ionomer:catalyst ratio 

0.116:1). Deposition was conducted either by spin coating or by 

spray coating with a sonicating tip for good component 

dispersion (SonoTek, ExactaCoat). Target loadings for the anode 

(Ir or IrOx) and cathode (PtC) were 0.40 mg/cm2 and 0.10 

mg/cm2, respectively, and were confirmed via X-ray 

fluorescence spectroscopy. 

Control samples were prepared to assist in identification of 

peaks and relative percentages of components. The controls 

consisted of single materials (Ir polycrystalline foil, TKK IrOx 

powder, Nafion ionomer D521, Vulcan Carbon) or mixtures that 

were drop cast onto a stainless steel substrate.  

 

Cell design and assembly 

Two cells were constructed, both of which were composed 

of a metal front and back plate. A rendering of the front plate 

design is shown in Figure 3D. The back plate serves as both an 

electrical conductor and the liquid flow delivery system, 

designed with a 1 mm relief channel for liquid flow across the 

back electrode. The direction of liquid flow is from the bottom 

to the top to encourage any bubbles formed during 

experimentation to flow up and out of the cell. A cut Viton sheet 

is used as a gasket to seal the cell and prevent leakages in 

vacuum.  

Cell #1 (open circle cell) is composed of steel and Pt-coated 

stainless steel to minimize corrosion under electrochemical 

conditions. The front plate opening is a 5mm diameter circle 

(Figure 3D).  A small curved disk of stainless steel mesh was 

placed on top of the water channel and under the CCM to 

maintain electrical connectivity between the Pt cathode and the 

back plate in the event that the membrane stretches from any 

flow pressure.  

Cell #2 (slit cell) is composed of titanium with a front plate 

opening consisting of 5 horizontal slits, each 30 mm long and 1 

mm high. The flow channels at the back plate align with the 

front plate openings. The membrane facing side of the front 

plate is covered in insulating tape up to 0.5 mm from the slit 

openings to maximize the amount of electrochemical signal 

coming from the area accessible via XPS. Because of the 

insulating tape, absolute current values were decreased to 27% 

of the non-taped values. Calculation of current densities were 

multiplied by this factor to account for unused area. A rendering 

of this cell is included in Figure S2. 

 

AP-XPS at ALS 

Experiments were conducted at the tender X-ray AP-XPS 

beamline 9.3.1 at the Advanced Light Source at Lawrence 

Berkeley National Laboratory.24 The beamline is equipped with 

a bending magnet for tunable X-rays within the tender range (~2 

– 6 keV) and a Si(111) double crystal monochromator. The 

analyzer is a Scienta Omicron R4000 HiPP-2.24 The chamber is 

also equipped with a Dyson residual gas analyzer (RGA) for mass 

spectrometry. For hydrated conditions, the chamber contained 

a beaker of degassed DI H2O to maintain 17 – 20 Torr vapor 

pressure using an analyzer cone aperture of 0.3 mm. 
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Experimental procedure  

In the present study, a two-electrode system was used to 

investigate the working mechanism of IrOx nanoparticle-

catalyzed water splitting. The surface physicochemical 

properties of the anode side, before and during the oxygen 

evolution reaction (OER) were probed by AP-XPS under 

operando conditions. During measurement, fresh DI water 

flowed continuously through the cathode side of the CCMs at 

3.0 mL/min, and the electrochemistry was tested on-line. 

Survey spectra in addition to core-level photoemission of the F 

1s, C 1s, O 1s, Ir 4f (and 5p), Ir 3d5/2, Pt 4f, Pt 3d5/2, S 1s and 

valence band (VB) were recorded at voltages between 0.0 and 

2.0 V using a Biologic SP300 potentiostat. Under operational 

conditions, the anode was grounded to the spectrometer unless 

otherwise indicated.  

For data processing, snapshot spectra were subtracted by 

the detector background, and pixels converted to eV using a 

calibration curve. All spectra were then analyzed using the 

CasaXPS software package and Origin Pro.56 The regions were 

calibrated to the Fermi level or to the adventitious C 1s peak in 

the case of the control samples if there was no catalyst metal 

present.  

Results and discussion 

Section A of this results section establishes a functional 

operando system with a highlight of key attributes that help 

identify a working experimental setup. Sections B, C, and D 

cover commonly encountered issues of variability, 

disconnectivity and beam damage, respectively. We show 

examples of these phenomena or a practical strategy to test for 

them and when applicable, offer an approach to resolve or 

minimize these effects.  

 

A) Establishment of a functional operando system 

In this section, we establish a functional operando system 

for the study of membrane electrode assemblies. Our operando 

cell is a two-electrode system, in which water flow is delivered 

to the back of the membrane with the front side exposed for 

direct access to the MEA for incident X-rays and ejected 

electrons (Figure 1B). A humidified environment in the chamber 

keeps the exposed area at the front hydrated. This is achieved 

by the use of a water bulb or reservoir, with a maintained ~ 20 

Torr water pressure, corresponding to 100% humidity at room 

temperature.  

Because hydration is critical to the proper functioning of any 

electrolyzer, the establishment of a full liquid layer on the 

surface of our catalyst-coated membrane is a necessary first 

step before operando study. To this end, we collected spectra 

spanning the full range of water pressures. Beginning with a dry 

MEA assembled in our operando cell, water was introduced up 

to full humidity and finally supplemented with water flow from 

the cathode side (Figure S1).   

Calculations of the IMFPs of the emitted photoelectrons 

through various components and a comparison of relative signal 

intensities allow for estimating the water thickness on our 

catalyst layer.57,58 The process for these calculations is detailed, 

and results are summarized in Tables S1-S3. Even before the 

start of water flow, the humid environment creates a full liquid 

layer of 5-6 nm.  

With the establishment of a fully hydrated CCM, we can 

proceed with an electrochemical investigation. Figure 2 displays 

Figure 2: (Left) Data from the working 2-electrode cell of a TKK MEA (0.4 mg/cm2 catalyst loading) with increasing anodic conditions (OCV – 2.0 V) from left to right. Top row is the 

operando AP-XPS Ir 4f spectra for 5 polarization conditions, taken in standard collection mode at different locations on the sample freshly exposed to the X-ray. The OCV data 

envelope (blue) is included in the other 4 anodic plots for comparison. The middle panel shows the corresponding data for the chronoamperometry applied voltage and measured 

current density. The bottom panel shows the partial pressure gas traces from the RGA. (Right) Images of the operando slit cell (cell #2) and a standard MEA.
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the catalyst spectra with the application of potential via 

chronoamperometry across the electrolyzer cell. The Ir 4f 

spectrum at OCV has a line shape characteristic of metallic Ir, in 

which the 4f7/2 peak intensity is higher than that of the 4f5/2. As 

the potential increases from OCV to 2.0 V, the line shape 

changes significantly as the iridium is oxidized. Notably, the 4f5/2 

peak becomes taller than the 4f7/2 peak already by 1.0 V, when 

we would expect a transition of most species to a 4+ state, and 

there is continued broadening of the higher binding energy side 

of the peaks at increasing potentials. Ultimately, at 2.0 V, a 

feature at ~67 eV appears, indicative of a valence state higher 

than 4+, and the 4f7/2 peak position increases in binding energy 

by approximately 0.7 eV.   

The third panel of the Figure 2 displays the RGA gas trace 

spectra. There is a concomitant increase in the partial pressure 

of oxygen (32 amu) with potentials above 1.5 V, indicating 

successful oxygen evolution. The hydrogen and nitrogen spectra 

are included for reference. It should be noted that the hydrogen 

background trace is highly susceptible to fluctuations and is 

affected by any movement of the sample in and out of the 

analyzer cone. Ultimately, these data demonstrate the 

functional electrolysis of water and oxygen evolution with our 

two-electrode operando cell. Representative electrochemical 

data for the results shown in Figure 2 are included in Figure S3, 

which resembles systems previously described.59–62 

 
B) Variability and cell design considerations 

Early studies began with a front plate geometry that had a 

single large, circular opening for access to the electrode 

interface (Figure 3). Conveniently, this offered a large area to 

probe multiple locations on the sample, as is necessary to 

obtain representative results and assess beam damage. 

However, this posed some issues that remain an important 

consideration with regard to the nature of the sample and cell 

design choices.  

The need to move along the sample can introduce issues 

with variability, complicating data interpretation. The structure 

of the Nafion membrane alone exhibits microscale variability. 

The sulfonic acid head group can segregate and will often create 

channels for proton migration to form a semi-crystalline 

structure.63  Fresh and used or chemically degraded membranes 

will have component discrepancies at the surface compared to 

the bulk as well as across domains on the scale of tens of 

microns, as shown by microscopy and spectroscopy.64,65 This is 

the substrate upon which the catalyst ink is deposited for MEA 

fabrication. Depending on relative component concentrations 

and the catalyst ink deposition method, samples may exhibit 

varying degrees of spatial heterogeneity.41 Further 

heterogeneity can be introduced with heavy use through 

degradation phenomena such as migration, sintering and 

delamination.43  

The probe area for our beam is approximately 250 (height) 

x 300 (width) μm, which is considerably larger than typical 

catalyst ink aggregates at hundreds of nanometers or even 

larger agglomerates that can reach micron scale.35,38,39  Thus, 

we generally expect that this probe size would average over 

such a large area that the signal would be fairly consistent 

across the surface. Such is the case for most samples 

encountered in our work thus far. However, we found that a 

subset of samples exhibit heterogeneity across the surface on a 

Figure 3: (A-C) Cartoons depicting spot-to-spot movement across the exposed composite electrode in the circle cell #1 and corresponding Ir 3d5/2 

spectra at various locations. Panels A and B depict spatial consistency and variability, respectively, of constituent signals from the catalyst ink. Panel C 

uses color shading from blue to green to depict variability in catalyst response to anodic voltage. Panel D shows renderings of the front plate geometry 

between the two cell designs, with a membrane bulging out of the circle cell #1.
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much larger scale. Figure 3A and 3B depict exposed electrode 

areas with consistent and variable electrode components, 

respectively. An example of catalyst signal is shown spatially to 

the left with the extent of blue color, with the respective Ir 3d5/2 

spectra to the right for three sampled locations. This effect can 

be extended to all components in the catalyst ink. Thus, at the 

very least we suggest an assessment of spatial heterogeneity 

and sampling in triplicate for conventional scanning modes.  

Variability can also appear in the response to applied 

potential. While the data in Figure 2 show continually oxidizing 

iridium with increasing potential, this is not necessarily the case 

for each spot sampled on all MEAs in all cell types. In keeping 

with the spatial variability seen in baseline components, a 

notable finding from our studies is that we can also see 

variability in catalyst response to applied potential as data is 

collected from spot to spot. This is exemplified in Figure 3C, 

where spectra obtained from a TKK sample in two different 

spots exhibit different behavior under the same conditions, 

indicated in the schematic by the blue–green color gradation. 

The spectra were obtained while under an applied anodic 

potential of 1.5 V, where we would expect to see significant 

oxidation of the catalyst components. This is indeed the case for 

spot B (in green), but not so for spot A (in blue), which is notably 

metallic in contrast. 

In the search for a reason for this discrepancy between 

sampling locations, we made attempts to probe several aspects 

concerning electrical conductivity and experienced potential of 

the catalyst at a given location. We began with assessing a given 

sampling location’s distance from the current collector. As we 

have an open window to the electrode, it stands to reason that 

planar resistance across this window could contribute to a 

decrease in the actual potential felt by any given spot. We found 

that being closer to the edge can help with the effective delivery 

of potential and shuttling of electrons to the current collector, 

but this is not a consistent remedy to eliminate all discrepancies 

in catalyst response.  

A final notable aspect of the front plate geometry is the 

tendency for membrane swelling over time. With elevated 

pressure at the cathode and flow fields inside of the cell, 

especially during hydrogen evolution, and lower relative 

pressure at the anode/in the chamber, the MEA would often 

bulge out of the plane of the front plate (Figure 3D). This results 

in shadowing of some of the sample area from the shallow 

incidence angle of the beam and may result in mechanical 

instability. In an effort to address this issue and decrease the 

distance from probed location to current collector as described 

above, we redesigned the cell with a significant change to the 

front plate, as shown in Figure 3D. Instead of one circular 

opening, with variable distance from the current collector, the 

new front plate features multiple slits. These slits allow for a 

probing location that is a constant distance from the plate, 

which can help to create a more uniform effective potential. A 

slit height of 1 mm also keeps the surface flat, ensuring better 

mechanical stability of the membrane. 

 

C) Assessment of disconnected species  

To effectively evaluate the variability in catalyst response to 

the applied potential, we took advantage of XPS sensitivity to 

potential to determine whether XPS would be able to help 

identify populations of particles that were electrically 

disconnected.21,23,66,67 In a typical experimental set up, the 

working electrode is grounded to the spectrometer so that the 

conductive electrode species will remain pinned to their binding 

energy location, and any changes in location and shape 

correspond to electrochemical changes at the sample surface. 

For this connection test, the working electrode was not 

grounded to the spectrometer and was only connected to the 

potentiostat.  

Figure 4: Particle connectivity trial as a function of potential and condition. Left: Au 4f spectra for an electrically connected (C) and disconnected (D) Au foil.  Right: Pt 3d5/2 XPS 

results for trials on a Pt-based MEA. Example schematics of the electrical setup are to the side of the spectral regions for some conditions.
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A control experiment was conducted using Au foils (Figure 

4). One foil (C, connected; shown in green) was connected to 

the potentiostat directly, and the second foil (D, disconnected; 

shown in orange) was floating freely. Seven Au 4f spectra are 

shown from dry to humid conditions with green spectra 

pertaining to the connected foil and orange spectra pertaining 

to the floating foil. In spectrum g1, the potentiostat is at 0.0 V 

v. ground (spectrometer), and the 4f7/2 peak is in its typical 

binding energy location at 84.2 eV. Upon application of -2.0 V in 

spectrum 2, the doublet shifts to the right by 2 eV. Spectrum g3 

shows this same condition for the disconnected foil, which has 

undergone significant charging from the beam exposure, 

shifting the doublet far to the left.68 Once we move into humid 

conditions, this charging of the disconnected foil is largely but 

not entirely mitigated69 so that the disconnected spectra are 

near the 0.0 V binding energy location (spectra g5 and g7). The 

connected foil spectra shown in green consistently shift in 

binding energy at a rate of 1:1 with the application potential. 

We applied the same principle to the working electrode on 

the MEA, removing the bias across the cell by disconnecting the 

counter electrode from the potentiostat and applying a bias to 

the working electrode versus ground. In this way, we can follow 

the speciation in the Pt 3d5/2 region (or any core level attributed 

to an electrode expected to be conductive). In spectrum e1, 

there is a characteristic single asymmetric peak probing a 

connected area of the sample. When we move to another 

location on the sample, in spectrum e2, there is a second peak 

in orange at higher binding energy, pertaining to disconnected 

catalyst particles that are charging from the beam. In spectra e3 

and e4, the green connected species are shifted away from the 

orange peak with applied potentials of -2.0 and -4.0 V, 

respectively. Once we begin to introduce water to the 

environment, from spectrum e5–e7, the charging of the 

disconnected species is healed, with the two peaks merging into 

one. Spectrum e5 begins in vacuum, spectrum e6 is ~2 Torr H2O, 

and e7 is 7 Torr H2O, eliminating charging before reaching 100% 

relative humidity. Spectrum e8, fully hydrated at 17 Torr, 

exhibits the final test for connectivity with an application 

potential of -4.0 V, and we see a corresponding shift in the 

working electrode spectrum. The absence of peak splitting in 

spectrum e8 indicates that the introduction of water into the 

system has eliminated the disconnected species. This could be 

either due to swelling of the membrane improving the 

mechanical contact or spontaneous electrochemical 

polarization at the Pt surface from the surrounding electrolyte 

that can modulate metal on nonconductive supports.70  

This is an important test to conduct for different 

experimental setups, as locally disconnected species will not 

contribute to the cell-scale electrochemical results, which can 

hinder analytical data interpretation. Yet more importantly, a 

splitting of the spectra, as shown in Pt 3d5/2 spectrum 2 or 6, 

could result in significant misinterpretation of the data, leading 

to erroneous conclusions. In some systems, this may serve as a 

helpful diagnostic tool for estimation of insulated components 

and for understanding chemical and mechanical breakdown of 

the system over time. 

 

D) Beam effects 

An important consideration in spectroscopy is the effect of 

exposure to the X-ray beam. The spectra on the left side of 

Figure 5 show the effects of beam exposure in two components 

of the composite electrode over the course of several minutes. 

The beam stability of the catalyst was highly variable between 

different sample types. Some of the catalyst signals (FCS, TKK) 

were stable over the course of hours of beam exposure (as was 

the case for data shown in Figure 2), while others (JM, AA) were 

much more sensitive. We encountered rapid loss of signal for 

some catalysts, an example of which can be seen in the left hand 

Ir 4f spectra.   

Studies of the effect of X-ray beams on Nafion have 

indicated that it is often affected by beam damage, depending 

on the photon source.51–55 It is expected that with the 

brightness of a synchrotron, this is more likely. Indeed, 

significant damage is reliably seen in the polymer components 

of the catalyst ink for all samples. The C-Fx backbone of the 

ionomer is susceptible to beam-induced cleavage, and while we 

detected no trace of volatized compounds in the mass spectra, 

ionomer features in the C 1s and F 1s regions exhibit large signal 

decay over time. Importantly, the binding energy of some peaks 

can shift as damage preferentially occurs to select species. This 

is seen in the F 1s region over the course of a few minutes for 

conventional data acquisition. As typical collection times for this 

mode take between 15 and 60 minutes for a given condition, 

this can easily result in incorrect assignment of species and 

hinder our ability to understand the ionomer–catalyst 

interaction in these electrodes. Finally, because the ionomer 

serves as the charge-carrying electrolyte essential to the 

operation of the electrolyzer, it is important to minimize 

exposure to the beam and (continuously) move the sample 

during data collection. 

In general, we recommend starting analysis with a check for 

beam damage of each component individually and then in 

series on one spot to compare regions. For all spectral sets, we 

begin with the most sensitive regions first before proceeding to 

regions exhibiting greater beam stability. For samples with a 

stable catalyst signal, our collection order will begin with the 

polymer components (F 1s, C 1s) for spot-to-spot collection and 

will be repeated as necessary to evaluate changes evolved over 

the course of collection. We record both the exposure time for 

each scan and keep a map of probing locations on the sample 

for each study.   
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In addition to mindful collection of data with conventional 

acquisition modes, we have developed a second method of 

collection at beamline 9.3.1, colloquially referred to as 

‘snapshot mode’, that addresses many of the issues posed with 

beam damage and spatial variability. In the standard mode of 

data acquisition, the analyzer is used to sweep across the 

electron kinetic energy range of interest, so that each channel 

of the detector is used to collect electrons at a given kinetic 

energy for a period of time. These individual spectra are shifted 

accordingly before being averaged into the final spectrum. This 

process typically takes tens of seconds to several minutes (or 

longer) for a given region. In snapshot mode, the analyzer is 

fixed to an electron kinetic energy at the center of the energy 

region to be acquired, and the spread of electrons in their flight 

through the lens system and analyzer is collected across the 

multichannel detector, so that each channel becomes its own 

energy range.71 For our system, a pass energy of 200 eV gives 

an energy range across our detector of approximately 16 eV.  

With a camera sampling rate of 12 Hz, we are able to capture 

sub-100 ms spectra. By coupling the fast snapshot acquisition 

with sample movement in the established trajectory, resulting 

snapshot frames can be summed to give a spectrum that is a 

true average of the whole area probed, with very little beam 

exposure in any given location on the sample (central panel, 

Figure 5). This gives us the ability to obtain more representative 

data and scan the same trajectory multiple times for good 

comparison between conditions. A typical trajectory comprised 

of one pass along the slit will have an estimated area of 4.5 mm2 

(0.25mm beam spot size x 18.0 mm trajectory length), but this 

can be doubled when using a serpentine path to approximately 

9 mm2
. 

The right most panel of Figure 5 shows the multiple spectra 

obtained for an experiment using snapshot mode on the same 

Alfa Aesar sample that displayed significant beam damage in the 

left-hand panels under conventional scanning mode. The first 

two spectra (yellow to orange) are in sequence at the same 

condition, showing no change in intensity or peak energy 

location. Only for the last scan in red, taken at the end of the 

experiment at 1.75 V, do we see a shift in the binding energy 

and peak shape for the fluorine and iridium spectra due to 

electrochemical changes rather than damage. The total time of 

exposure for a given location on the sample for this full 

experiment was less than 30 seconds, and the signal intensities 

from first to last scan did not suffer significant losses or beam-

induced change. 

Figure 5: Beam effects and mitigation via trajectory scanning and snapshot collection mode. Left hand panel: conventional data acquisition leads to loss and a 

change in the electrode signal. Center: the cell #2 slit design keeps the sample flat and allows for use of trajectory scanning, while snapshot acquisition mode 

collects low-resolution spectra at a rate of 12 Hz, which are summed for higher quality spectra. Right panel: resulting stable signal from electrode components.
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While the snapshot-trajectory acquisition method assists in 

the collection of data averaged over a much larger area, there 

may be areas in the trajectory path that have variable signal or 

speciation of interest. In the spectrum processing, we are able 

to batch process snapshot frames, and thus isolate the spectra 

from a subset of the trajectory area if desired. This can be done 

with other core level regions from the same area.  

Conclusions 

In summary, this paper demonstrates an approach for the 

fastidious collection of operando XPS data on a fully composite 

PEM electrolyzer. We present factors that may introduce errors 

in the interpretation of electrolyzer and fuel cell complex 

composite electrodes with XPS analysis and provide suggestions 

for error mitigation. These factors include hydration of the MEA 

(establishment of operando conditions), beam exposure effects, 

artifacts from sample preparation, spatial variability, cell design, 

and electrical connectivity of electrode constituents. 

Researchers who conduct studies of these complex material 

composites must take care to obtain representative data and to 

avoid misinterpretation of the catalyst-coated membrane 

composition and response to applied potential. Figure 6 

summarizes these factors, accompanying considerations and 

recommendations, which help to inform and affect one 

another. 

First, the sample preparation and use history must be 

thoroughly detailed, as it pertains to the catalyst ink uniformity 

and the state of the membrane and electrodes.  The cell design 

is an important consideration for several factors, including 

distance from current collectors/ use of graphene, ease of 

movement across the surface during collection, and the effects 

of an open front plate where a PTL or GDL would be.  

Effects of beam exposure are always relevant, especially if 

the polymer surrounding the catalyst is damaged, disabling ion 

transport and affecting the catalyst active state. A simple test 

for fully disconnected species is facile with XPS systems, 

leveraging the potential sensitivity of the analyzer, and can help 

mitigate serious misinterpretations of spectra in the event that 

these species exist in a given sample environment. We also 

recommend a combination of spot-to-spot collection (in 

triplicate at a minimum if any variance is found) and rastering 

trajectories with snapshot acquisition if available. Now that we 

have this new methodology, future work will be able to 

systematically evaluate the operando catalyst response to 

potential and also obtain direct spectroscopic feedback 

regarding the synthesis and manufacturing outcomes of the 

composite catalyst ink. This can include investigations into 

several tuneable aspects of the composite electrode: methods 

for catalyst synthesis, resulting particle sizes, phases and 

morphology, ink formulations and loading, methods for MEA 

fabrication, treatment, aging and so on.  We hope this work will 

inspire and enable such pursuits by the broader research 

community. Continued establishment of rigorous protocols will 

improve characterization efforts, ensure the reliability of 

reported data, and support efforts toward improved composite 

electrochemical systems. 
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Figure 6: Summary diagram of important considerations and recommendations for aspects affecting the successful acquisition 

of operando AP-XPS data on composite PEM electrolysis and fuel cells.
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