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Understanding the processes, phenomena, and mechanisms
occurring at the electrode/electrolyte interface is a prerequisite
and significant for optimizing electrochemical systems. To this
end, the advent of sub-microsecond laser pulses has paved the
way and eased the investigations of the electrochemical inter-
face (e.g., electric double layer), which hitherto is difficult. The
laser-induced current transient (LICT) and laser-induced poten-
tial transient (LIPT) techniques have proven to be valuable and
unique tools for measuring key parameters of the electrified
interface, such as the potential of maximum entropy (PME) and
the potential of zero charge (PZC). Herein, we present a
summary of studies performed in recent years using laser-

induced temperature jump techniques. The relation between
the PME/PZC and the electrocatalytic properties of various
electrochemical interfaces are particularly highlighted. Special
attention is given to its applications in investigating different
systems and analyzing the influence of the electrolyte compo-
nents, electrode composition and structure on the PME/PZC
and various electrochemical processes. Moreover, possible
applications of the LICT/LIPT techniques to investigate the
interfacial properties of a myriad of materials, including surface-
mounted metal-organic frameworks and metal oxides, are
elaborated.

1. Introduction

A fundamental understanding of the various electrochemical
processes taking place at the interface between the electrode
and electrolyte is of crucial importance for several renewable
energy provision systems. The often-applied solvent in most
electrolytes is water. The interfacial water plays a pivotal role in
electrochemical processes and often determines the rate of
charge and mass transfer.[1] Therefore, the investigation of the
interfacial water layer structure is necessary to optimize the
studied systems.

A key parameter in the description of the electrochemical
interface is the potential of zero charge (PZC).[2] It can be
defined as the potential at which the excess charge equals zero
on the electrode’s surface. This simple definition has, however,
a specific shortcoming. Particularly, the evaluation of this

parameter in more complex systems characterized by adsorp-
tion processes at the electrified interface is problematic. As
such, two types of PZCs have been introduced to circumvent
this issue: the potential of zero free charge (PZFC) and the
potential of zero total charge (PZTC).[3] As the names suggest,
the PZFC is a type of PZC at which the excess free electronic
charge density at the electrode surface is zero. In turn, the PZTC
is a potential at which the sum of the free, electronic net charge
density and the charge density transferred in adsorption
(Faradaic) processes equals zero. Despite the clear difference
between the PZFC and PZTC, the two parameters are the same
in processes and/or materials that do not exhibit specific
adsorption. Under these conditions, one can safely access the
values of the PZFC via the determination of the PZTC.[4]

Moreover, another essential parameter, the potential of max-
imum entropy (PME), is closely related to the PZFC.[5] It is
commonly defined as the potential at which the entropy of the
double layer formation maximizes. The introduction of the PME
is particularly useful when assessing the “stiffness” of the water
layer structure at the interface.[1b] When approaching the PME,
the degree of order of the interfacial water molecules
decreases. Consequently, the charge and mass transfer through
the electric double layer (EDL) should proceed much more
easily. In contrast, at potentials far from the PME, the interfacial
water layer structure is more rigid, and this slows down the
transfer of charge and mass through the EDL. Therefore, the
determination of the PME is significant to understanding the
processes taking place at the interface.

The PZC can be measured by the electrocapillary method,
capacitance method, CO charge displacement, N2O reduction
and, so on.[6] However, the application of these methods is
limited for various specific conditions. The capacitance method
can only be used for dilute solutions and in the absence of
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specific adsorption. The CO charge displacement method
cannot be applied at high anodic potentials to avoid CO
oxidation, while the N2O reduction method is limited for the
interfacial structure, which is sensitive to the N2O reduction
reaction. It must be emphasized that the N2O reduction method
helps to characterize distinctively between local PZTCs present
in a particular sample.[6] Based on the aforementioned limita-
tions, there is a compelling need to elaborate more versatile
techniques. One of such approaches is the laser-induced
temperature jump method. A short description of the techni-
ques will be discussed in Section 2.

This short review highlights some recent works that have
utilized the LICT/LIPT techniques to investigate the interfacial
fundamentals of electrodes in various electrochemical systems.
Additionally, an outlook regarding the application of the LICT/
LIPT techniques on other non-noble metal-based electrodes,
such as metal oxides (e.g., MnOx) and metal-organic frameworks
(MOFs), is discussed.

2. The LICT/LIPT Techniques

The method of probing the electrode/electrolyte interface with
short, powerful laser pulses was developed by Benderskii et al.
in the 1980s.[7] It utilizes the so-called temperature jump effect
to probe the EDL for analyzing the electrochemical systems.
Generally, two different methods are applied: the laser-induced
potential transient (LIPT) and the laser-induced current transient
(LICT) techniques. The former is performed under coulostatic
conditions to measure the change of the open-circuit potential.
By contrast, the LICT technique is conducted under potentio-
static conditions to record the current transients (Figure 1a).[8] In
brief, the rapid increase in the electrode/electrolyte interface
temperature caused by the laser pulse randomizes the ions and
water molecules at the interface. The perturbed electric double
layer returns almost rapidly to its initial state since the duration
of the applied laser pulse is in the scale of nanosecond (5–
10 ns).[8a] The system‘s answer is recorded as current
transients,[9] the orientation of which coincides with the sign of
the excess charge on the electrode surface. Namely, if the

electrode is negatively charged, negative current transients are
observed and vice versa. The potential at which the current
transient changes its sign can be correlated with the PME (as
illustrated in Figure 1b).

3. Applications of LICT/LIPT to Characterise
Electrocatalytic Systems

The utilization of the LICT/LIPT techniques has successfully
promoted the understanding of interfacial processes, especially
in various electrocatalytic systems.[10] The determination of the
PZC/PME gives the information of the double layer order/
disorder status. Besides, these parameters are believed to be
closely associated with the work function of the metal
electrode.[11]

3.1. PME/PZC Determination of Various Electrode Materials

Interestingly, the PME of Pt(111) in alkaline media was found to
be located at the onset potential of the OH-adsorption.[12]

Recently, Sebastián-Pascual et al. also demonstrated that the
location of the PME was related to the onset potential of the
OH-adsorption on both Cu(111) and Cu(100) in 0.1 M NaOH
solutions.[13] Similar results were observed for Cu(111) at the
same pH level in our recent work.[8a] The PME of Cu(111)
portrays a linear relationship with the electrolyte pH on the
standard hydrogen electrode (SHE) scale. However, the de-
crease in the electrolyte pH shifts the PME towards the potential
within the OH-adsorption region. Moreover, combining with
electrochemical scanning tunneling microscopy imaging, it was
found that the Cu(111) surface slowly starts to restructure at
the PME in the electrolytes at pH=11 and pH=13. It should be
noted that the pH dependency of the PME varies for the same
electrode material with different surface structures.[11] Besides
using noble metal electrodes for the laser-induced temperature
jump measurements, the PZC of Mn2O3 was also successfully
investigated.[14] The PZC, which is closely related to the PME,

Figure 1. (a) Schematic illustration for the application of the laser-induced temperature jump technique. WE, RE, and CE correspond to working, reference, and
counter electrode, respectively. (b) Typical current transients recorded during the laser measurement at various electrochemical potentials via the LICT. The
potential at which the current transient changes its sign corresponds to the PME. (a, b) Reproduced with permission from Ref. [8b]. Copyright (2021) Wiley-
VCH.
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was located at 1.09 V vs RHE, thus, supporting the notion that
Mn2O3 should catalyze the oxygen reduction reaction (ORR) well
since the obtained PZC is quite close to the thermodynamic
equilibrium potential of the ORR. This work demystified and
further confirmed the reasons for the good ORR performance of
Mn2O3 in this kind of electrolytes. Hence, investigating the
actual EDL status obtained via illuminating the electrode with
short laser pulses presents a leeway to investigating other metal
oxide materials by employing the LICT/LIPT techniques.

3.2. Effects of Electrode Composition and Structure on the
PME/PZC

Due to their great stability, noble metal-based catalysts are
used in various electrocatalytic systems.[15] However, the
performance of these metals in electrocatalysis still needs to be
improved. To enhance the electrocatalytic performance of the
electrodes, one can incorporate certain facets or defects to
change the electrode surface structure or create alloys to
change the electrode surface composition.[16] It is believed that
this can finally increase the number of active sites at the
electrode surface and improve the electrode activity. Thus,
tuning the electrode composition and structure changes the
performance of the electrode. However, change(s) in the
properties of the EDL should also be considered. For instance,
Pt single crystals show good performance for the ORR,[17] while
the activity varies for different orientations of the Pt single

crystals.[12] The difference in activity for different structures of Pt
single crystals is due to the difference in the heat of adsorption
of intermediates at different active centers and their different
abundance.[16b,18] Interestingly, with the LIPT technique, García-
Aráez et al. revealed that the locations of the PME for Pt single
crystals in acidic solution differ with the surface structure.[11]

Subsequently, Sarabia et al. also found a similar influence in the
case of alkaline media.[12] Therefore, the interfacial water layer
structure is heavily related to the electrode structure, further
affecting the electrode activity. It can be noted that the PME
increases in the order of Pt(110)<Pt(100)<Pt(111) in alkaline
solutions (see Figure 2a–c), which is in line with the observed
results for the ORR.[19] Namely, the PME for Pt(111) is closer to
the thermodynamic equilibrium potential of the ORR. Thus, the
interfacial water structure for Pt(111) is more loose and easy to
reorganize during the charge and mass transfer through the
electric double layer. This could also contribute to the observed
situation that Pt(111) presents the best ORR activity among the
three crystal orientations.

Although pure noble metals manifest good performance on
electrocatalytic activities, modifying the electrode surface with
certain transition metal hydroxides enhances the reaction
activity.[20] For instance, adding nickel hydroxides to the Pt(111)
surface promotes the rate of the hydrogen evolution reaction
(HER).[21] Traditionally, the effect of the modification on the
electrode is believed to correlate with the change in the
interaction between the electrode surface and the relevant
intermediates.[22] On that score, Ledezma-Yanez et al. demon-

Figure 2. Laser-induced potential transients recorded at different potentials for (a) Pt(111), (b) Pt(100), (c) Pt(110), and (d) Pt(111)/Ni(OH)2 in 0.1 M NaOH
solution. The estimated PMEs are shown. (a–c) Reproduced with permission from Ref. [12]. Copyright (2020) Elsevier. (d) Reproduced with permission from
Ref. [1b]. Copyright (2017) Springer Nature. (e) Scheme of the network of water dipoles on Pt(111) and the unstructured network on Pt(111)-Ni(OH)2.
Increasing the nickel coverage shifts the PME to the potentials closer to the thermodynamic equilibrium potential of the HER. Reproduced with permission
from Ref. [23]. Copyright (2018) American Chemical Society.
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strated that adding Ni(OH)2 shifts the PME closer to the
thermodynamic equilibrium potential of the HER by the LIPT
experiments (Figure 2d).[1b] This means the presence of Ni(OH)2
lowers the order of the interfacial water layer structure at the
onset potential of the HER, which promotes the charge transfer
and the kinetics of the reaction. Based on this proposal, Sarabia
et al. used the LIPT to study further the influence of the
coverage of Ni(OH)2 on Pt(111) on the HER.[23a] They observed
that increasing the Ni(OH)2 coverage moves the PME to the
potential where the HER takes place (Figure 2e). Again, this
decreases the order of the electric double layer structure at the
potential of the HER and improves the HER activity. Extending
the studies on Cu(111), Auer et al. recently modified the surface
of pristine Cu(111) with 0.1 and 0.2 monolayers (ML) of
Ni(OH)2.

[23b] They reported a non-linear activity behavior when
the Ni(OH)2 coverage was increased, a deviation from the earlier
study conducted on Pt(111) surface.[23a] Further probing using
electrochemical scanning tunneling microscopy and the laser-
induced temperature jump technique revealed that only the
Cu(111) with 0.2 ML of Ni(OH)2 exhibited high water layer
structure disorder at the interface. This observation of the PME
was noticed close to the thermodynamic equilibrium potential
of the HER and was attributed to reaching the peak of surface
roughness while increasing the monolayers of nickel hydroxide
on the Cu(111) surface. This therefore induced an increase in
disorder of the interfacial water layer structure.

3.3. Effect of Electrolyte Composition on the PME/PZC

In the past decades, most studies have focused on the
compositional and structural modification of electrode materials
to optimize electrocatalytic systems. Nevertheless, the role of
electrolytes is gradually considered valuable.[24] For instance, it
has been widely reported that the electrolyte pH can drastically
influence the rate of the HER.[25] Several hypotheses have been
developed to address this issue.[26] Climent et al. discovered that
the PME value for Au changes upon variation of the electrolyte
pH by using the LIPT technique.[10d] Similarly, comparable
observations were made using Pt as the electrode material and
varying the electrolyte pH.[27] Besides, Martínez-Hincapié et al.

demonstrated that there is a variation in pH dependences for
the PMEs of Pt(111), Pt(100), and Pt(110) electrodes (Fig-
ure 3a).[28] This finding clarifies the fact that PMEs of different
crystallographic orientations of the same electrode might not
necessarily show the same behavior with varying electrolyte pH.
Ganassin et al. also observed the pH dependence of the PME for
Ir(111) in acidic media (Figure 3b).[29] However, hydrogen and
specific anion adsorption effect should be considered in the
cases which occur on more electroactive materials (Pt and Ir).
Because, in the double layer region where there is no specific
adsorption, the PME is supposed to be independent of the
electrolyte pH on the SHE scale or shift approximately 59 mV
per pH unit on the RHE scale.[5,11,28] Interestingly, the pH
dependence of the HER activity has been correlated to the
effect of pH on the location of the PME.[1b]

Apart from the electrolyte pH, the presence of alkali metal
cations can also drastically alter the electrocatalytic activity of
the electrodes. Their influence on the electrode processes has
been investigated in some previous works.[24b,30] Particularly,
Strmcnik et al. demonstrated that the activities towards the ORR
and hydrogen oxidation reaction on Pt linearly correlate with
the hydration energies of the corresponding alkali metal
cations.[24c] Besides, the pH influence can be considerably
different in the presence of alkali metal cations. In our recent
work, polycrystalline Au in Ar- and O2-saturated 0.5 M Na2SO4 or
K2SO4 solution was examined using the LICT technique.[8b] As
shown in Figure 3c, it was found that the PME shifts towards
more positive potentials as a result of increasing the electrolyte
pH and introducing oxygen. This could be due to the variation
in the local pH at the interface. Moreover, the PME difference
becomes enormous when the electrolyte pH reaches 6, which
means, in this case, the electric double layer structures for Au in
Na+- and K+-containing electrolytes are significantly different.
Thus, different electrode processes can be expected in electro-
lytes containing these two cations. Therefore, the utilization of
the LICT/LIPT techniques is believed to help promote the
fundamental understanding regarding the electrode processes
happening in various electrocatalytic systems.

Figure 3. (a) Dependence of the PMEs on the pH for Pt(111), Pt(100), and Pt(110). Reproduced with permission from Ref. [28]. Copyright (2017) Springer
Nature. (b) The PMEs plotted as a function of the pH for Ir(111) with (red symbols) and without (black) the thermodiffusion correction. Reproduced with
permission from Ref. [29]. Copyright (2017) Springer Nature. (c) The values of the PME for polycrystalline gold in Ar-saturated (dot) and O2-saturated (dash)
0.5 M Na2SO4 (blue) and K2SO4 (red) solutions depicted as a function of the electrolyte pH. Reproduced with permission from Ref. [8b]. Copyright (2021) Wiley-
VCH.
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4. Applications of LICT/LIPT for the
Investigation of Aqueous Battery Systems

Batteries have been widely used for renewable energy storage
applications.[31] Especially, aqueous metal-ion batteries have
attracted considerable attention owing to their safety, low cost,
and wide availability. However, a better understanding of
intercalation and de-intercalation processes is still required to
improve and optimize the investigated systems.[32] The LICT
methodology could be a powerful tool to research the field of
aqueous metal-ion batteries because the PME of the systems
can easily reveal the interfacial charge status during different
processes. As the hydration energy of cations and anions could
influence the stiffness of the water layer structure at the
interface, the resulting PME of the investigated system can be
affected by different ions.[9a,33] For instance, promising electrode
material used in aqueous Na-ion batteries, Na2Ni[Fe(CN)6], were
investigated with the LICT technique.[9b] The position of the
PME for thin films of Na2Ni[Fe(CN)6] in 0.25 M Na2SO4 was
around � 0.13 V vs Ag/AgCl (SSC), while the current transients
stayed positive for the case of 0.25 M K2SO4 at the same
investigated potential region. Interestingly, the obtained results
showed that the electrodes were positively charged for both
systems during the intercalation processes (Figure 4a, b). More-
over, the LICT measurements showed the presence of three
different PMEs as shown in Figure 4c. This observation could be
explained from the different hydration energies hence different
ion mobilities occasioned by the different electrolyte composi-

tions (Na2SO4, NaCl, and NaClO4) used for electrodepositing the
Na2Co[Fe(CN)6] films. It is envisaged that the aforementioned
differences influence the interfacial processes, thus, leading to
different relaxation times.[9,33] As mentioned earlier, the PME is
associated with the interfacial water layer structure. One can,
therefore, correlate the PMEs with the processes taking place at
the interface. For this system, the locations of the PMEs are
close to the onset potential range of the (de)intercalation of
Na+, which lies between 0.1 V and 0.9 V vs SSC. The stiffness of
the EDL reaches its minimum at the PMEs, which is significant
for the (de)intercalation process. These results show that the
LICT/LIPT methods are promising techniques for studying the
electrode/electrolyte interfacial phenomena for various elec-
trode materials for aqueous metal-ion batteries.

5. Summary and Perspective

To conclude, we have analyzed recent research articles that
employed the LICT/LIPT techniques to investigate various
electrocatalytic and aqueous metal-ion battery systems. From
the numerous literature presented, one can vividly establish
and confirm the value and uniqueness of these techniques in
characterizing the electrode/electrolyte interface as they permit
the determination of the PME/PZC of various systems. These
parameters help to elucidate the processes occurring at the
interface as a function of, for example, electrolyte composition.
As a result of its relative simplicity and ease of combining it
with other techniques, the LICT/LIPT methodologies can be
applied to various electrocatalytic or aqueous metal-ion battery
systems.

As is evident from the works highlighted herein, there is an
excellent opportunity to apply LICT/LIPT techniques to explore
other systems containing non-noble metal electrodes, metal
oxides, metal-organic frameworks (MOFs), conductive polymers,
metal alloys (Figure 5). For instance, our group has recently
developed a versatile and facile strategy to synthesize mixed
metal hydroxide electrocatalysts derived from surface-mounted

Figure 4. The maximal current transients collected for Na2Ni[Fe(CN)6] in (a)
0.25 M Na2SO4, and (b) 0.25 M K2SO4, and for (c) Na2Co[Fe(CN)6] in 0.25 M
Na2SO4, 0.25 M NaCl, and 0.25 M NaClO4. (a,b) Reproduced with permission
from Ref. [9b]. Copyright (2017) American Chemical Society. (c) Reproduced
with permission from Ref. [9a]. Copyright (2018) American Chemical Society.

Figure 5. Schematic of the LICT/LIPT techniques for the investigation of the
influence of electrolyte components. Herein, several promising electro-
catalyst materials such as metal oxides, MOF derivatives and metal alloys are
presented. The LICT/LIPT techniques provide a unique approach to elucidate
the EDL structure-performance relationships in electrochemical systems.
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MOFs (SURMOFs) with excellent OER performance in alkaline
media.[34] However, the investigation of the electrolyte effect on
MOFs-based systems has rarely been reported since most
studies focus on the design of the electrode materials. There-
fore, rational electrolyte engineering in MOFs-based systems is
required to improve the performance of materials in electro-
catalytic systems.

Owing to the presented ability of the LICT/LIPT techniques
for improving the fundamental understanding of the electric
double layer properties in various simple or complicated
electrochemical systems, we envisage these methods can be
further applied to other aforementioned systems to investigate
the mechanism of the interfacial processes and finally optimize
the studied systems.
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