
Chapter 21
Electrochemical X-Ray Photoelectron
Spectroscopy

Takuya Masuda

Keywords Electrochemistry � Solid/liquid interfaces � In situ X-ray
photoelectron spectroscopy

21.1 Principle

Although X-ray photoelectron spectroscopy (XPS) requires a vacuum (Chap. 132
X-ray Photoelectron Spectroscopy), in situ electrochemical (EC-) XPS has been a
long-standing dream not only for fundamental science, but also for a wide range of
applications including fuel cells, rechargeable batteries, photocatalysts, and bio-
logical processes. To date, as shown in Fig. 21.1, three approaches enabling in situ
EC-XPS have been successfully reported by using near-zero vapor pressure room
temperature ionic liquids (RTILs) as an electrolyte solution [1], a near-ambient
pressure (NAP-) XPS equipped with a differential pumping system [2, 3], and an
environmental cell with an ultrathin membrane-type working electrode [4, 5].

21.2 Features

• Elemental composition at the solid/liquid interface can be determined under
electrochemical potential control, as well as the oxidation state of each element.

• Surfaces of an ionic liquid, an electrode and their boundary can be measured
under electrochemical potential control by using an ionic liquid as an electrolyte
solution in vacuum.
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• Electrode surfaces can be measured through a thin solution layer by utilizing a
differential pumping system with an electrostatic lens.

• Electrode surfaces in contact with a bulk solution can be measured through an
ultrathin membrane-type working electrode which is also used as a separator
between vacuum and the ambient.

21.3 Instrumentation

An electrochemical cell consisting of RTILs as an electrolyte solution and working
and reference/counter electrodes (Fig. 21.2a) can be directly introduced into a
vacuum chamber. XPS measurements of the surfaces of the RTIL droplet and the
working electrode can be taken under electrochemical potential control.

In NAP-XPS, samples placed under a relatively low vacuum can be measured by
utilizing a differential pumping system and electrostatic lens (as described in
Chap. 3 Ambient Pressure X-ray Photoelectron Spectroscopy) [6, 7]. In this
method, electrodes partially withdrawn from the electrochemical cell can be mea-
sured in the presence of a thin liquid layer under electrochemical potential control,
by detecting photoelectrons emitted from the electrode surface through the liquid
layer (Fig. 21.2b). The thickness of the liquid layer is limited to the range from
several nanometers to several tens of nanometers by the inelastic mean free path of
photoelectrons in the liquid layer and can be controlled by relative humidity and
temperature.

By using an environmental cell, in which an ultrathin membrane is used as a
window for X-rays and photoelectrons, a separator between vacuum and liquid, and
a working electrode for electrochemical reactions, XPS measurements of the
electrode surface in the presence of a “filling” thick liquid layer can be performed

Fig. 21.1 Schematic illustrations of in situ EC-XPS using a RTILs, b NAP-XPS, and
c environmental cells with an ultrathin membrane-type working electrode
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by detecting photoelectrons emitted from the solid/liquid (membrane/liquid)
interface through the membrane (Fig. 21.2c).

21.4 Applications

21.4.1 EC-XPS Utilizing RTILs [9, 10]

Figure 21.3a shows a time course of XPS spectra in the Cu 2p region taken during
the potentiostatic electrolysis of a Cu electrode at +1.8 V in (N-methylacetate)-
4-picolinium bis(trifluoromethylsulfonyl)imide [MAP][Tf2N] [9]. The surface of a
[MAP][Tf2N] droplet at 2.2 mm from the electrode surface was measured in the
snapshot mode. A peak due to the Cu 2p3/2 was observed from the third scan and
the intensity gradually increased up to the eighth scan, suggesting that the Cu+ ions
electrochemically dissolved from the Cu electrode in the ionic liquid and diffused to
the analysis point.

Figure 21.3b shows another example of the EC-XPS utilizing RTILs. In
this report, the surface of a Ni mesh electrode was measured during the
galvanostatic electrolysis at −1 � 10−5 A in N-butyl-N-methylpyrrolidinium bis
(trifluoromethylsulfonyl)imide [C4mpyrr][NTf2] containing 0.1 M Rb[NTf2] [10].
A peak due to the Rb 3d clearly increased with time because of the electrochemical
deposition of Rb on the Ni mesh electrode. Thus, the EC-XPS using RTILs is
capable of chemical analysis and mass transport analysis during the electrochemical
reactions.

Fig. 21.2 Experimental setups for in situ EC-XPS using a RTILs [8, 9], b NAP-XPS [3], and
c environmental cells with an ultrathin membrane-type working electrode [4]
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21.4.2 EC-XPS Utilizing NAP-XPS [11]

Figure 21.4a, b shows XPS spectra in the N 1s and O 1s regions of a Au electrode
measured at various potentials in an aqueous solution of 1 M pyrazine plus
0.4 mM KOH in the configuration shown in Fig. 21.2b. In the N 1s region, two
peaks corresponding to pyrazine molecules adsorbed on the electrode (PyESF) and
solvated in the liquid phase (LPPy) were observed at 399.7 eV and a higher
binding energy, respectively. In the O 1s region, three components attributed to
water molecules in gas (GPW) and liquid phases (LPW) and adsorbed hydroxyl
groups were observed. When the potential was made more negative (positive)
from open circuit potential, ca. 150 mV, the peak positions for water molecules
(LPW) and pyrazine in the liquid phase (LPPy) shifted to the higher (lower)
binding energy although those for the adsorbed pyrazine (PyESF) and hydroxyl
groups did not shift. In addition, the width of the peaks corresponding to the
solution species such as LPW and LPPy significantly changed possibly due to the
potential distribution across the electrical double layer (EDL). As shown in
Fig. 21.4c and d, the minimum point of the double-layer capacitance coincides
with that of the peak width at the potential of zero charge (PZC) at which the
electrical charge on the electrode surface is zero. Thus, the EC-XPS using a
NAP-XPS system enables to probe the potential distribution across the EDL
although its very thin solution layer may cause a high cell resistance.

Fig. 21.3 Time courses of XPS spectra in a the Cu 2p region at a surface of [MAP][Tf2N] droplet
during the electrolysis of Cu electrode at +1.8 V (vs. Mo stub) [9] and b the Rb 3d region at a Ni
mesh electrode during the electrolysis at −1 � 10−5 A in [C4mpyrr][NTf2] containing 0.1 M Rb
[NTf2] [10]
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21.4.3 EC-XPS Utilizing an Environmental Cell [4]

An environmental cell with an ultra-small volume was utilized for the ‘first’ in situ
EC-XPS experiment in an ordinary solvent to prevent any possible damage caused
by breakage of the ultrathin Si membrane-type working electrode used as a sepa-
rator between vacuum and the ambient (Fig. 21.5a). In this configuration, anodic
current started to flow from ca. 0.8 V only in the presence of water (Fig. 21.5b),
implying the electrochemical growth of Si oxide. As shown in the EC-XPS spectra
in Fig. 21.5c–d, not only doublet peaks at 100 and 99.5 eV corresponding to Si 2p1/2
and 2p3/2, respectively, but also a broad peak at 104.5 eV corresponding to SiO2

Fig. 21.4 XPS spectra in a the N 1s and b the O 1s regions of a Au electrode measured at various
potentials in an aqueous solution of 1 M pyrazine plus 0.4 mM KOH in the configuration shown in
Fig. 21.2b [11]. c Double-layer capacitance obtained from electrochemical measurements by using
both Gouy–Chapman (GC) and Gouy–Chapman–Stern (GCS) models and full-width at
half-maximum (FWHM) of LPPy N 1s and LPW O 1s peaks as a function of the applied
potential [11]
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was observed even without a bias application, suggesting the existence of native
oxide. When a positive potential was applied to the Si membrane with respect to the
Cu tape, the peak intensity due to the SiO2 increased gradually, confirming
the electrochemical growth of SiO2 at the Si membrane/water interface. In addition,
the ratio of Si 2p1/2 and 2p3/2 changed significantly, suggesting that strained Si
atoms at the Si/Si oxide interface became closer to the analysis side, accompanying
the electrochemical growth of SiO2, as clearly indicated in the difference spectra
(Fig. 21.5e). On the basis of the inelastic mean free paths of the Si 2p photoelec-
trons in Si oxide and Si obtained using the TPP-2 M formula and the atom densities
of Si in Si oxide and Si, the thickness change of SiO2 during the electrochemical
growth was estimated in a sub-nanometer scale. The most difficult challenge of this
technique is development of ultrathin films with very high conductivity and
mechanical strength, which can be used as a membrane-type working electrode.
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