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Chapter p:

A laboratory-based electrochemical
NAP-XPS system for operando
electrocatalysis studies

Abstract

During electrocatalytic reactions, the electrode, adsorbates, electrolyte ions, and solvent
molecules at the electrode-electrolyte interface each play an important role. Electrochemical
X-ray photoelectron spectroscopy (XPS) holds great promise for deciphering these roles,
providing the oxidation state or bonding environment of every element present at the
interface. However, combining the vacuum required for XPS with the wet environment needed
for electrochemistry constitutes a technical challenge, requiring purpose-built
instrumentation and spectro-electrochemical cell design. Here, we present a laboratory-based
electrochemical XPS instrument optimized for operando studies on nano-structured
electrocatalysts. We show that using a spectro-electrochemical cell design based on a
membrane-catalyst-graphene assembly, the system is able to probe the electrode surface,
interfacial water, and interfacial ions under well-defined potential control. Importantly, the
system facilitates the transport of any molecule or ion towards the working electrode,
facilitating measurements under a wide variety of electrocatalytic conditions. This is
exemplified for the oxygen reduction reaction.

This Chapter has been published in Vacuum:
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Electrochemical NAP-XPS System for Operando Electrocatalysis Studies. Vacuum 2025, 231
(PA), 113755. https://doi.org/10.1016/j.vacuum.2024.113755.
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2.1 Introduction

An atomic-level understanding of the relationship between the applied potential and the
electrode-electrolyte interface structure is crucial for advancing electrochemical systems,
including batteries, electrolyzers, and fuel cells'™. X-ray photoelectron spectroscopy (XPS) is
among the most powerful characterization techniques for achieving this understanding>4,
offering insights into oxidation states, bonding environments, and the local electrostatic
potential'®(in e.g. the double layer). However, the vacuum required for XPS measurements
makes in situ measurements under electrochemical conditions non-trivial. To interface the
wet environment needed for electrochemistry with the vacuum required for XPS, several
experimental arrangements have been developed, such as the dip-and-pull method®18,
polymer electrolyte membrane approach?®?® and graphene window-based approaches»=,
This has made it possible to study several important electrochemical systems, such as the
oxygen evolution reaction?*72% and the CO; reduction reaction?”%,

While these applications highlight the potential of electrochemical XPS, the current reliance
on synchrotron facilities limits access to the technique. Wider use could be achieved through
the development of laboratory-based electrochemical XPS. First efforts in this direction have
emerged?®33, making use of the lab-based near-ambient-pressure XPS (NAP-XPS)
instrumentation that has recently become available. For example, Liu et al. employed a Cr
source to perform dip-and-pull type measurements using tender X-rays?®, in direct analogy to
the dip-and-pull set-ups available at synchrotrons. A different approach was used by Haug et
al.33, who used an Al soft X-ray source in combination with a tilted thin film cell. Both
approaches rely on the formation of a 10-30 nm electrolyte film on the electrode, which is
thick enough for a realistic electrode-electrolyte interface structure to form, but thin enough
for photoelectrons to traverse in order to reach the electron analyzer. Due to the limited mass
transport through the ultrathin electrolyte film, this strategy is primarily suited for the study
of the electrode-electrolyte interface under non-faradaic conditions, i.e. when little
electrochemical current passes®°.

To extend the applicability of laboratory electrochemical XPS to electrocatalytic systems with
significant electrochemical current, we present a system based on a membrane-electrode-
assembly type cell, analogous to fuel cells and electrolyzers. This approach builds on the
membrane cells developed in the Gericke group at the BESSY Il synchrotron, which have
proven successful for the study of e.g. oxygen evolution electrocatalysis?134-3° at significant
current density. Here, we introduce the use of a porous polycarbonate membrane in the MEA,
which facilitates the transport of any molecular or ionic reactant to the working electrode,
enabling in situ studies on a wide variety of electrocatalytic reactions. We demonstrate the
capabilities of the instrument using the oxidation of Pt, adsorption of S04, and the oxygen
reduction reaction.
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2.2 System design

The electrochemical XPS setup exhibits a modular arrangement (as shown in Figure 2.1),
consisting of 1) a load-lock with a manipulator that holds the electrochemical cell, 2) the main
chamber, to which the 3) X-ray source, 4) ultra-high-vacuum (UHV) pumping section and 5) the
electron analyzer are attached. In addition, electrolyte/gas supply and safety interlock systems
support the operation of the set-up. Most components in the system are standard commercial
components. However, the load lock, main chamber, and the support systems have been
designed in-house specifically for electrochemical experiments. In the coming sections, we will
focus on the design of the most crucial part of the set-up, the cell design. A detailed description
of other components of the system is provided in the supporting information (supplementary
information A2.1-2.6).

Load Lock Main Chamber Pre-Lens 1st Lens 2nd Lens Detector

4
- Turbomolecular pump —. Scroll Pump
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(1) Manipulator (6) Differentially pumped stages (11) X-ray source (Al- Ka)
(2) Load lock (7) Electron Analyzer (12) Monochromator
(3) UHV Chamber (8) Main Chamber
(4) Manipulator manifold (9) Analyzer Nozzle
(5) Pneumatic Interlock Valve (10) Quadrupole mass analyzer

Figure 2.1 : Overview of the EC-NAP-XPS. a) Schematic diagram showing the layout of
the system and b) Labelled system photograph displaying a detailed view of the NAP-
XPS setup

i) In situ spectro-electrochemical (EC-XPS) cell extension

The electrochemical extension contains the electrochemical cell, electrolyte and electrical
connections, and safety valves (Figure 2.2 and Figure 2.3). The extension contains a fixed
and an interchangeable part. The fixed part is inserted into the tube of the manipulator
(see supplementary information A2.1), separating it from the vacuum and contains the
electrolyte lines along with the electrical connections that remain mounted on the inner
manipulator tube. The interchangeable part comprises of the electrochemical cell that can
be removed from the manipulator, facilitating easy sample/cell exchange.

{1 1L |

i Fixed Manipulator Section (Outside Vacuum) Interchangeable
' CellBody (In Vacuum)

Figure 2.2 : Electrochemical manipulator construction
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Figure 2.3 : Schematic diagram of the electrochemical manipulator

Figure 2.4 (A, B and C) show the detailed component view of the exchangeable part, i.e. the
electrochemical cell. In Figure 2.4 A, the cell body (1) is made from PEEK using 3D printing
(Bond3D Production BV), with channels for electrolyte flow (2) as well as connections for
reference and counter electrodes built into the cell body.

The reference electrode (3) is a standard hydroflex (Gaskatel) which is screwed in via a brass
coupling into a dedicated cavity in the cell body. The design choice of having the reference
electrode horizontally at the back of the cell outside the vacuum (Figure 2.3) allows us to use
the larger version of the hydroflex, which is more stable over the long run. The counter
electrode (4) is a platinum rod attached to the cell body by a PEEK coupling and extends into
the electrolyte channel. This Pt rod can be disassembled from its coupling to be cleaned and
annealed separately. Figure 2.4 B shows the top view of the cell; a membrane electrode
assembly (working electrode) is mounted underneath the titanium contact plate (6) which is
in contact with a brass coupling (5) screwed through the PEEK body of the cell, establishing an
electrical connection to the working electrode. The top plate contains a 2 mm opening, which
is the measurement area for XPS (7). Electrical connection between the cell’s electrodes and
the fixed manipulator section is established via spring contacts, minimizing the amount of
screws involved in cell mounting.

Figure 2.4 : Spectro electrochemical Cell Design for NAP-XPS; A. Side view of the PEEK body of
the cell (1), connections for electrolyte (2), the Hydroflex RHE (3), connections for working and
Pt counter electrodes (4,5). B. Top view, with the titanium top plate (6) , XPS measurement
area (7) and C. Cross-section showing the 3D printed electrolyte channels (8) inside the cell
body
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PEEK is chosen here because of its high chemical inertness*. Meanwhile, 3D printing has the
key advantage that connections and electrolyte lines can be shaped in any form with very little
restrictions from the manufacturing method. The cell has several other salient features: i) It
offers a compact design where all the electrolyte connections, the electrical connections and
the reference electrode can be conveniently situated at the backside of the cell outside the
vacuum, ii) the cell can be built as one piece with a minimal amount of connections, and iii)
the cell has a very small internal volume which facilitates quick switching to a different
electrolyte and limits the amount of electrolyte that can spill into the vacuum chamber in
event of a leakage

The potentiostat connections for the electrodes as well as the electrolyte supply and return
lines are connected to the fixed part of the manipulator. The electrolyte connections (2) are
present at the rear of the cell and are connected to the electrolyte supply and return lines that
run through the inner tube of the manipulator. As a safety precaution, individual SOVs
(Solenoid Operated Valves) are installed on each electrolyte line, immediately cutting off the
electrolyte supply upon detecting an electrolyte leak from the cell into the main chamber.
These, in addition to other safety interlocks, are discussed in the supplementary information
A2.5.

All the surfaces of the electrochemical manipulator that come in contact with the electrolyte
can be cleaned to according to regular electrochemical lab standards using acidified KMnQa,
dilute piranha solution (H2SO4+H»0;) and warm water. We note that such cleaning is crucial to
ensure well-controlled electrochemistry inside the cell and reliable Spectro-electrochemical
results. Detailed cleaning process is explained in the supplementary information A2.7.

i) Membrane electrode assembly (MEA)

The samples used in the electrochemical cell are a special type of membrane electrode
assembly based on the design developed at ISSIS Beamline at BESSY-Il 2%4%, In short, the
electrocatalyst of choice is deposited on membrane, which can either be porous or a polymer
electrolyte (Figure 2.5). Subsequently, the catalyst is covered with a bilayer of graphene.
During the electrochemical XPS measurements, the membrane-catalyst-graphene assembly is
in contact with electrolyte from the backside of the membrane. This electrolyte can permeate
through the membrane in order to reach the catalyst, providing electrochemical contact.
Meanwhile, the graphene functions as an evaporation barrier, so that a liquid film is
maintained around the catalyst particles. In previous work*!, our assembly was based on
polymer ion-exchange membranes (e.g Nafion), which only allow water molecules and protons
to pass through to the working electrode. Here, we make use of a porous polycarbonate (PC)
membrane (50 nm pore size Polycarbonate PVP treated Membrane, it4ip SA), which allows any
molecule or ion to reach the electrocatalyst. This makes it possible to study a much wider array
of electrochemical reactions, as will be exemplified below for the oxygen reduction reaction.
Importantly, the porous PC membrane is chemically stable against both low and high pH.
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Figure 2.6 shows scanning electron microscope images of the MEAs in ‘as prepared’ state and
after an XPS experiment. The as prepared sample (Figure 2.6 A) shows an evenly distributed
thin catalyst layer mixed with the 50 nm pores that are visible as black. Images following 6-8
hours of voltametric measurements and XPS measurements (Figure 2.6 B) show essentially the
same configuration, but with a more pronounced cracking pattern due to physical strain on
the MEA once it is pressed under the top plate of the electrochemical cell and potentially slight
catalyst degradation. Note that in both cases, the graphene cannot be discerned due to the
high magnification and uniformity of the graphene layer in the region imaged. However, the
SEM images collected at lower magnifications and in different regions on the graphene-Pt-
membrane assembly clearly shown the presence of the graphene layer (additional images in
supplementary information A2.9). Additionally, a strong aromatic C 1s peak from the graphene
can be seen in the survey spectrum (Figure 2.11). Corresponding cyclic voltammograms to
these SEM images show characteristic Pt peaks in both the cases, although the latter having
smaller peak currents which may be attributed to Pt catalyst degradation mechanisms such as
dissolution and Ostwald ripening*~*’. Importantly, these measurements show that prolonged
electrochemical contact can be maintained even under circumstances where electrode
degradation occurs.

Sputtered Pt Bi-layer
nanoparticles Graphene
Porous
Polycarbonate
Membrane ‘

Electrolyte

Figure 2.5 : Schematic diagram of Graphene-Platinum-Polycarbonate membrane assembly
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Figure 2.6 : SEM Images recorded for Graphene-Platinum-Membrane Assembly as prepared
(A) and following 6-8 hours of spectro-electrochemical measurements in dilute acidic media
(B) shown with their corresponding cyclic voltammograms

To test the mass transport through the porous membrane, we conducted oxygen reduction
electrocatalysis experiments. Note that this is an extreme test, because the reactant O, can
only be dissolved in the electrolyte in extremely low concentrations. Nonetheless, Figure 2.7
shows a clear response to the presence/absence of O in the electrolyte, confirming that Oz is
readily transported through the porous membrane to the electrode under in situ XPS
conditions. However, it should be noted that the response is small indicating that some mass
transport limitations do exist, as can be expected based on sample geometry observed in
Figure 2.5. Nonetheless, the oxygen permeation experiment highlights the possibility of
studying a wide variety of electrochemical reactions in the NAP-XPS set-up, including those
with neutral molecules or dissolved gases.

0,2

0,2

04

Current (mA)

0.1M HCIOs, 50mVs"

0,6
— 5x10"" mbar, Ar purged
— 5x10" mbar, Oz purged
05 1
Potential (V)

Figure 2.7 : Oxygen permeation behavior of the 50 nm pore size Polycarbonate membrane
evidenced by the voltametric response of Pt, showing effect of equilibrium oxygen
concentration under ambient and rough vacuum pressures
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2.3 Experimental methods

To conduct proof-of-concept measurements, 3 nm Pt was sputtered onto a porous
polycarbonate membrane (50 nm pore size Polycarbonate PVP treated Membrane, it4ip SA)
using a Cressington sputter coater. In-house prepared graphene was transferred onto
membrane-catalyst assembly according to previously established procedure?! and stored dry.
Prior to use in an in situ experiment, the sample is immersed in ultrapure water for ~15
minutes to hydrate the pores. The membrane-catalyst-graphene assembly is mounted on the
cell with the graphene is centered on the XPS measurement area, facing the vacuum side
(Figure 2.8). The electrochemistry is controlled using a SP-200 Biologic potentiostat. This allows
us to perform all the standard electrochemical techniques within the operando spectroscopic
experiment, ranging from performing simple cyclic voltammograms, pulse voltammograms,
linear sweep voltammograms to more complex experiments involving a series of these
techniques one after the other during the XPS operation.

(1) Pt- nano particle coated MEA  (4) XPS examination window

(2) Electrolyte channel (behind MEA)
(3) Titanium top plate of EC cell

Figure 2.8 : Membrane electrode assembly mounting on the EC cell; (a) Graphene-Platinum-
Membrane assembly has to be centered on the electrolyte channel (b) Titanium top plate is
mounted as an electrical contact to the membrane

Once electrolyte circulation is established, the sample is placed inside the load lock and
pumped to rough vacuum while checking for visible leaks. Proper electrochemistry under
vacuum conditions is verified using the (stable) open circuit potential and cyclic voltammetry.
After placing the sample in the cell and establishing the electrolyte circulation at a steady state,
a cyclic voltammogram was measured between 0.05 Vgue — 1.3 Vrue at 50 mVs™? to remove any
memory effects and to know the electrochemically active surface area of the deposited Pt
nano-particles. The cell position is optimized with respect to the X-ray source and the analyzer
nozzle using a high-resolution camera and the XPS count rate (see Figure 2.9).
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Figure 2.9 : Electrochemical cell alignment; A) shows the EC-XPS cell (1) aligned with the X-ray
source NAP extension (2) and the analyzer nozzle (3) and B) shows fine tuning of the sample
distance with the analyzer nozzle

2.4 Results
i) Pt Oxidation in Acidic Media

In this section, we demonstrate that the lab-based electrochemical NAP-XPS that we have
commissioned is capable of conducting in situ studies on Pt oxidation using a lab-scale X-ray
source. The precise nature of Pt oxidation is an important topic in electrocatalysis due to e.g.
its implications on fuel cell stability*®4°. In previous work, we have studied Pt oxidation using
synchrotron facilities 22>4!, allowing for a direct comparison.

As a first step, we benchmarked the electrochemical behavior of the membrane-Pt-graphene
assembly by comparison to graphite-supported Pt nanoparticles in a conventional glass cell.
Figure 2.10 shows the cyclic voltammograms for the glass cell and the Spectro-electrochemical
cell side by side. Clearly, very similar behavior is observed, confirming the proper
electrochemical performance of the in situ spectroscopy cell. The small differences that can
be observed are likely related to the difference in support effect between the glassy carbon
electrode and the polycarbonate membrane.
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Figure 2.10 : Cyclic Voltammograms on 3 nm Pt nano-particles in glass cell (blue curve) using
a glassy carbon support and (red curve) in EC-XPS flow cell using PC membrane support

The low leak rate of the cell and membrane-catalyst-graphene assembly is verified using the
chamber pressure: ~1x10! mbar only being pumped through the 300 um analyzer nozzle. This
leak rate is achieved for both high and low pH electrolyte and any electrode potential. An
advantage of the low chamber pressure is that there is minimal signal loss due to
photoelectron-gas scattering.

~3nmPtin 0.1M HzS04
Pt 4f
C1s
O 1s
S
2 Pt 3d
©
c
2
(73]
w
o
>
NWMW S 2p
S2s
600 500 400 300 200 100

Binding energy (eV)

Figure 2.11 : XPS Survey spectrum for the membrane electrode assembly in acidic electrolyte
(0.1M H>504)
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A survey spectrum was recorded prior to the anodization (Figure 2.11) which shows the
expected elemental contributions from the aqueous electrolyte (O 1s), the catalyst (Pt 4f) and
the support (C 1s and O 1s). C 1s appears as one of the most intense peaks, which mainly arises
from the bilayer graphene covering the MEA and partially from the polycarbonate membrane
support, which also contributes partially to the O 1s signal. XPS spectra are measured by
anodizing the sample in steps, while recording spectra at each step potential (Figure 2.12). Pt
4f spectra were recorded at 10 eV analyzer pass energy with an acquisition time of ~5 min. The
Pt spectra were fitted using different oxidation states of Pt; Pt° (Pt 4f; at 71.0 eV), Pt®*(71.8
eV), Pt?*(72-72.7 eV) and Pt**(73.7 eV) doublets (the details of the curve fitting parameters
are given in supplementary information A2.8.

Pt 4f - 3 nm Pt on PC membrane
lil

XPS Intensity (Normalized)

7 77 76 18 14 13 72 M 10
Binding Energy (eV)

Figure 2.12 : Step-wise anodization of the Pt-nano particles in 0.1 M H:SO4, Pt 4f spectra are
fit using Pt° (green), Pt>* (blue), Pt?* (pink), and Pt** (red) doublets.

At 0.5 Vgue, the XPS spectra in Figure 2.12 show large contributions from metallic Pt and Pt%*.
The Pt%* contribution at this low potential where no Pt oxides are expected, is related to the
presence of adsorbates on the Pt surface, as also observed in our previous work®>4!, At 1.3
Vre, Pt is well within its oxidation regime and accordingly, prominent oxidized Pt contributions
can be observed. In line with previous work, a mixture of Pt®*, Pt?*, and Pt** oxidation states is
observed showing that an irregular surface oxide structure is formed. Upon increasing the
potential further to 1.5 Vgue, deeper oxidation of the nano-particles is induced which can be
seen from a large contribution from Pt**. It is important to note that based on modeling of the
XPS signals, we previously estimated that the oxide film on the particles is approximately one
monolayer thick®'. This was done by modelling the oxide to metal ratios observed in Figure
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2.12 as a function of potential using planar and nanoparticle overlayer models®%°1, Thus the
data presented here provide a clear showcase of the sensitivity that can be reached using lab-
based electrochemical XPS.

A key feature of electrochemical XPS is that not only the chemistry of the electrode can be
investigated, but also the behavior of the interfacial electrolyte. The binding energy shift with
applied potential for the electrolyte species can be utilized to identify their location with
respect to the working electrode?®3>, This binding energy shift originates from the change in
the electrostatic potential experienced by the electrolyte when a potential is applied (see
Figure 2.13). When the electrode is grounded, the shift for bulk electrolyte species (outside of
the double layer) is described as:

Ebinding,apparent = Ebinding,actual + QeAU (1)

Where Epingingapparent a3d Epinging actuai ShOW the observed and the real binding energies
of the electrolyte species, ge is the charge of an electron and AU is the change in the electrolyte
potential with respect to the setup. Equation 1 indicates that bulk electrolyte species shift -1
eV when the electrode potential is increased by 1 V. In the double layer, the shift progressively
reduces the closer the electrolyte species is to the electrode surface.

Electron
Analyzer
Double Layer
Bulk

L.
Ll

.
ERRRARRERNY r

> quU
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@ +

c .2 E

L ) binding, apparent
3

binding, actual

"
i

Figure 2.13: Difference between apparent and real binding energies as a result of change in
the electrolyte potential. The product of electronic charge ‘ge” and change in electrolyte
potential ‘AU’ equals the difference between apparent and real binding energies

The potential-dependent effect is clearly observed in O 1s spectra (Figure 2.14), which are
dominated by water. Based on the ~-1 eV/Vrue binding energy shift observed, it is clear that
most of the probed water molecules are not located in the double layer. This is consistent with
recent measurements on the double layer of the 0.1 M H,SO4 — RuO; interface, where it was
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shown that the double layer is <1 nm?°, well below the probing depth of our XPS in liquid
water>2. The -1:1 shift for H20, but the lack of such a shift for the grounded Pt electrode
establish that a proper electrode-electrolyte interface is formed in our cell.

O 1s -3 nm Pt on PC membrane

| __1.5VRHE
1.3V RHE

0.9 VRHE

XPS Intensity (Normalized)

0.7 VRHE

0.5V RHE

5490 537 534 s 528 525
Binding Energy (eV)

Figure 2.14 : Binding energy shift for O 1s spectra as a function of potential

Since the experiment was done in 0.1 M H,SOg, it is also important to track the contribution
of sulfur as a function of polarization (Figure 2.15). It can be clearly observed that the sulfate
S 2p does not shift in the same way as the water O 1s peak. This can be explained by the fact
that sulfate is known to adsorb on Pt electrodes (contributing to the Pt®* observed in the Pt 4f
spectra). As a consequence, the sulfate ions are grounded to the working electrode and do not
experience any electrostatic potential shift with increasing applied potential. As small S 2p shift
can be observed for the spectra at 1.3 Vgrue and 1.5 Vgue spectra, however. This shift is likely
related to the different chemical environment experience by sulfate ions when adsorbed on
metallic Pt (<1.3 Vgue) vs. on PtOy (at or above 1.3 Vgye).
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XPS Intensity (Normalized)

173 172 171 170 169 168 167 166
Binding Energy (eV)

Figure 2.15 : Step-wise anodization of the Pt-nano particles in 0.1 M H;S04, S 2p spectra are
fit using pink and red doublets. Black dashed line shows an absence of a spectral shift at
lower potentials while deviating red dashed line shows a binding shift at higher potentials
due to changing nature of chemical interaction between sulfate and Pt oxides

With the case study on Pt oxidation, we showcase how our laboratory-based electrochemical
XPS system is able to resolve both sides of the electrode-electrolyte interface. Exploiting the
chemical stability of the polycarbonate support and its non-selective electrolyte conduction to
the working electrode, a wide range of chemical reactions could be studied using the setup
under operando conditions.
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2.5 Conclusion

We have described a lab-based electrochemical NAP-XPS instrument optimized for
electrocatalysis studies. The instrument is specifically designed to 1) facilitate measurements
on a wide variety of electrochemical reactions under operando conditions, 2) enable simple,
clean and (vacuum) safe operation, and 3) allow for fast sample and electrolyte exchange. Key
to the design is the use of a spectro-electrochemical cell based on a membrane-electrode-
graphene assembly. We show that this assembly facilitates measurements on all components
of the electrode-electrolyte interface for any nanoparticle electrocatalyst and any aqueous
electrolyte. Furthermore, we show that the membrane-catalyst-graphene assembly allows
adequate mass transport of reactants, even for reactions involving dissolved gasses, as
exemplified for the oxygen reduction reaction. We foresee that the step from the synchrotron
to the lab is key for integrating electrochemical XPS into the electrochemist’s toolbox, enabling
a day-to-day feedback loop with the electrochemical lab.
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