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Abstract
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Ultraviolet-visible spectroelectrochemistry (SEC) is a powerful and
accessible operando technique for investigating redox-active interfaces
such aselectrodes. Its potential has not been fully realized owing to
limitations in sensitivity, acquisition speed and analysis workflows. In
this Primer, we describe how recent developments in optics, detection
hardware and synchronization methods now allow for high-resolution,
data-rich SEC measurements. We focus on practical strategies for
building performant SEC set-ups, introduce a formalism based on
differential coulometric attenuation for interpreting spectral changes
and outline workflows for extracting redox stoichiometries, kinetics
and coverage from complex data. Emphasizing process-sensitive over
population-sensitive analysis, we show how this approach enables a
clearer understanding of dynamic, disordered interfacial systems.
Examples are provided from electrocatalysis, particularly the oxygen
evolutionreaction, but the principles described are broadly applicable.
Throughout, we highlight pitfalls, assumptions and design choices
toguideresearcherslooking toimplement quantitative SEC in their
ownwork.
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Introduction

Materials that respond to voltage to convert or store energy are cru-
cial for the transition to a low carbon economy. Technologies such
as lithium-ion batteries', lithium-air batteries?, electrolysers’, elec-
trosynthesis cells* and electrochemical alternatives to the Haber-Bosch
process® all use complex, nanoscale solid-electrolyte interfaces to
catalysereactions, transport reactants and products and stabilize oth-
erwise unstable materials. Functional nanoscale interfaces often form
insitu, are highly sensitive to operational conditions and can evolve
continually over time or with changes in operational parameters such
asthe applied potential or electrolyte composition®. Operando spec-
troscopies, whichinterrogate the nature of functional materials during
operation, are therefore important tools to understand the nature of
electrified nanoscale interfaces. Operando spectroscopic experiments
that monitor the changes in the intensity of transmitted, scattered or
emitted light that occurinresponse to applied potential canbroadly be
referred to under the termspectroelectrochemistry (SEC) and cover the
entire electromagnetic spectrum, from X-ray absorption and emission
measurements’, visible-light Raman scattering®, infrared absorbance’
and terahertz spectroscopy™.

SEC techniques measuring changes in the absorbance of electro-
magnetic radiation in the UV-to-visible (UV-Vis) range in response to
steps or sweeps inapplied potential are the most accessible as all thatis
requiredisabenchtop spectrophotometer, acelland a potentiostat”.
Redox changes occurring at electrified interfaces can produce very
strong UV-Vis absorption changes and as a result, SEC can act as a
highly sensitive probe of changes involving only very small numbers
of states. Such changes canbe used to quantify the degree of reduction
or oxidation that is occurring at the interface, as well as distinguish
different oxidation processes. This has been used to investigate the
role of defect-induced low-valent metal sites in governing the effi-
ciency of transition metal-oxide-based photoelectrochemical water
splitting devices' and to track the growth of the depletion region
induced by contact with an electrolyte in such devices®. Benchtop
SEC has also been used to estimate the standard redox potentials of
redox-active dopantsites insemiconductors™, track oxidation changes
inredox-active moieties in proteins™' and determine the stability and
speciation of the anionic states of polymers'” ™,

Because of its ability to quantify the extent of oxidation or reduc-
tion and distinguish different redox processes, SEC has also found
utility in electrocatalysis. Here, the presence of multiple overlapping
equilibria can result in surface redox dynamics that is challenging to
assign. In such cases, kinetics becomes challenging to interpret as
decaysin current, optical signal and potential arise from contributions
from multiple processes®** (Fig. 1a).

Recent discussion in the field of electrocatalysis has highlighted
the need for, and challenge of, using qualitative operando data to
determine kinetics and thermodynamics of reactions. For example,
electrocatalysts for the oxygen evolution reaction (OER) are often
highly disordered hydrated metal oxides. The heterogeneous surfaces
of these materials can in principle produce various surface bound
states, some of which may participate as intermediates in a catalytic
cycleand some not***°. It has therefore been emphasized that the mere
observation of a more oxidized state ‘should not be considered suffi-
cientto establishamechanismwithoutkinetic evidence of a TOF large
enoughtosupportthe measured current’™. In contrast to single-crystal
studies®*, inwhich the simplicity of surfaces greatly limits the number
and nature of possible redox processes, the contribution of a putative
intermediate toactivity onacomplex surface canonly be determined

by a measure of the rate of catalytic turnover. Of further importance
is the absolute number of intermediates. The total rate, measured as
current, is the product of the TOF of the rate-limiting intermediates
and their surface density. Therefore, if anintermediate is determined
to be involved in catalysis and highly reactive, it cannot be assumed
to exist in sufficient density to support the measured current?® as a
less-reactive intermediate might exist at amuch higher surface density
and account for the majority of the measured current. A drive towards
fast, data-rich and quantitative operando experimentation is therefore
anatural focus of methodology development.

In this Primer, we outline the formal theory of SEC, the design of
data-driven SEC instruments (with afocus on UV-Visimplementations)
and best practices in experimental methods and interpretation. We
show how these tools can be applied to extract the kinetics and ther-
modynamics of processes occurring on surfaces that are challenging to
interrogate with other techniques. We use asynthetic dataset to outline
theanalysis proceduresinaninteractive manner; by downloading the
Python code from the GitHub archive for generating and analysing
this data set, the reader can gain hands-on familiarity using with an
ideal data set crafted to highlight the core concepts of the approach.
We focus on electrocatalysis on surfaces and solid films, as this topic
is less well covered in the literature, using the example of the OER on
transition metal-oxide surfaces as this use case provides a strong
motivating example for the application of SEC. Examples of oxidation
reactions driven by positive polarization are provided (defined by
standard oxidation potentials), although a similar rationale applies to
reduction reactions. This Primer focuses on the SEC of solid interfaces
rather thanspeciesinsolution, in which diffusion transports products
away from the interface — where they may react further — and limits
the accessibility of reactants. These effects lead to unique considera-
tions for experiment and cell design, and we refer readers to recent
reviews*** for acomprehensive discussion of solution-phase SEC.

Experimentation

In this section, we explain the advantage of moving to a dedicated
SEC instrument. We then introduce the basic quantities measured in
transmittance spectroscopy and provide aformulation of absorbance
spectroscopy that directly contacts the electrochemical quantities
that SEC seeks to differentiate.

Advantages of using a dedicated SEC instrument

Atypical configuration for SECisillustrated in Fig. 1b. Here, aspectro-
electrochemical cellis placedinabenchtop UV-Vis spectrophotometer
and potential is then independently applied in athree-electrode con-
figuration to the cell and a spectrum measured. This process is then
iterated to collect potential-resolved spectra. This process has the
advantage of using widely available laboratory equipment, ensuring
accessibility and alow startup cost. However, the accessibility of com-
mon SECset-upsis counteracted by technical limitations as benchtop
spectrophotometers are typically not designed for sensitivity, speed
or synchronization with other devices. As this set-up isan ad hoc con-
stellation of standalone devices that do notinteract with one another,
the user must manually and continually synchronize different parts of
the experiment, for example, performing manualincrementation of the
voltage and the collection of aspectrum. Furthermore, single spectra
often require minutes to acquire as the single wavelength configura-
tions commonly used in benchtop spectrophotometers spend only a
small fraction of the total measurement time measuring photons of a
given wavelength. These limitations mean that benchtop SEC set-ups
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Fig.1| A simplified example of overlapping processes that may occur atan
interface. a, The oxygen evolution reaction on a metal-oxide surface with two
sites —a terminal oxygen site and a bridging site. The terminal site may be
oxidized twice before forming a rate-limiting oxo intermediate, which rapidly
reacts with water and turns over to form molecular oxygen. In this simple
example, the bridging site may be oxidized once and is not directly involved in
catalysis. This process occurs at a standard potential between the two oxidation
processes of the terminal site and complicates analysis. The oxidation of sites
changes the electronic structure of the interface, which may lead to a change in
theintensity of transmitted light as the potential changes /(4, U). b, A standard
UV-visible (UV-Vis) spectroelectrochemistry (SEC) configuration. Here,
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polychromatic light is collimated by alens and passed through a cell holding,
electrolyte and a transparent working electrode (WE). The cell also contains a
reference electrode (RE) and a counter electrode (CE). Light is focused through a
slitinto amonochromator, where itis collimated by a parabolic mirror, dispersed
by areflection grating and then focused by another mirror. A single wavelength is
selected by aslitand detected using a diode. ¢, A data-rich SEC configuration uses
amultiplex detector to collect entire spectra simultaneously. The configuration
is broadly similar but high-quality results are ensured by maximizing the output
ofthelight source, filtering using a colour-balancingfilter to ensure the
spectrum used is as close to flat as possible and using a spectroscope that
projects aspectrumonto a 2D detector.

aretypically limited to qualitative analyses to determine the presence
or absence of a given species in a window of applied potential®® orin
semiquantitative correlation analyses®**,

The advent of highly sensitive, low-cost, 2D sensors such as
charge-coupled devices* (CCDs) and complementary metal-oxide-
semiconductor*® (CMOS) detectors, as well as improvements in syn-
chronization hardware and software, allows for the detailed probing
of the kinetics and thermodynamics of electrochemical interfaces.
By projecting the entire spectrum onto a 2D camera, all wavelengths
areintegrated simultaneously, affording longer integration times per
wavelengthin comparisonto single wavelength detectors while simul-
taneously affording subsecond spectral acquisition times (Fig. 1c).
Economies of scalein 2D detector production* and the maturation of
companies specializing in scientific grade 2D detectors such as Andor,
Ocean Optics, StellarNet, Thorlabs, Tucsen photonics and Edmund

Optics have created a diverse range of detectors capable of data-rich
qualitative SEC, from portable spectrographs with small detector
areas operating at room temperature (available at prices lower thana
conventional UV-Vis spectrophotometer) to more advanced, large
area, back-illuminated and deep-cooled CMOS and CCD cameras,
affording superior sensitivity and time resolution. The diversity of
detectorsalsofacilitates awide range of operating wavelengths, from
the UV (200 nm) to the near-infrared (NIR) (-1,800 nm). As aresult,
data-rich SEC techniques are now able to retain the accessibility of
ad hoc approaches while providing data quality and volume needed
for deep, quantitative analyses. The best balance of performance to
operating range can be typically found in detectors optimized for the
visible region, as detectors optimized to provide UV sensitivity com-
monly have reduced detection efficiencies and NIR-sensitive cameras
typically cannot measure visible photons and have inherently lower
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sensitivity and increased cooling requirements. Configurations using
multiple detectors can provide maximum flexibility, but are beyond
the scope of this Primer.

Despite the possibility of drasticimprovementsindata volume and
quality, the majority of SEC research uses manual ad hoc experimental
set-ups, single-wavelength configurations and qualitative analysis
methods. The inability to collect fully quantitative data has naturally
led to a lack of understanding in analysis. In this Primer, we focus on
how fully quantitative SEC measurements can be generated through
data-rich set-ups with improved detection capability and automated
acquisition of potential resolved spectra.

Theoretical background. The simplest property associated with SEC
isthe absolute absorbance, which can be calculated from the incidence
intensity /y(1) and the transmitted intensity /(4, U):

1A, V)

AQA, U)=-log,, O

Absolute absorbance is related to the density of each speciesin a
system by the Beer-Lambert law:

N
AX U =1 Y NCW),
Species
l
in which /is the path length in centimetres, and &;and C; are the molar
decadic extinction coefficient (mol™ dm?cm™, hereafter shortened to
molar absorptivity) and concentration (mol dm™) of each species in
the system, respectively.

SEC experiments are typically concerned only with states that
change and react during the experiment, and not states that do not
change (for example, an unchanging bulk absorbance contribution
superimposed on a changing interfacial absorbance contribution). It
is therefore most useful to consider absorbance relative to the
absorbance measured from a starting potential (Uy):

1(A,U)
1A, Uy)’

AA, U) = A, U) - A, Up) = -log,,

inwhich AAisthe absorbance relative to astarting potential Uy; Aisthe
wavelength; /(4, U) is the intensity spectrum of the transmitted light
(Fig. 1a) measured at a given potential and /(4, U,) is the intensity
spectrum measured at U,

Itis worth emphasizing how AAis distinct from absolute absorb-
ance. As shown in Supplementary Box 1, A(A, U) yields information
aboutthe totalnumber of absorbing speciesinthe system.In AA, how-
ever, the absolute absorbances of any species that do not change cancel.
AA(A, U) contains no information about the total numbers of species
(indicated by /(A, U)versus /4(1)) and is only sensitive torelative changes
resulting from the conversion of species. Note that /(1) should not be
confused with /(A, Up). Under circumstances in which conversion pro-
cessesare monitored fromstart to completion, it might be possible to
reconstruct absolute numbers of species given some assumptions of
surface stoichiometry (see the ‘Limitations and optimizations’ section).
Despite this, relative absorbanceis a preferred quality of measurement
as distinct processes can be clearly differentiated from one another,
even in cases in which a complex background absorbance exists and
the extinction spectra of the species undergoing interconversion
strongly overlap (see Supplementary Box 1for an example).

The form and units of the Beer-Lambert law are derived for the
easy determination of absolute concentrations of speciesinsolution,
but for solid interfaces this formulation becomes cumbersome and
ill-defined. The concept of path length (/) is complicated in cases in
which the nanoscaleinterface of amaterial contributes to the relative
absorbance and the micron-scale bulk of athin film does not. Similarly,
concentrations considered by the Beer-Lambert law are volumetric
and might not be directly applicable to those on a surface. For SEC, it
is therefore more convenient to consider the area density of species.
As chemical reactions consume reactants and generate products in
fixed stoichiometric ratios, we can therefore seek to study changes in
areadensity, which canberelated to a charge density. These concepts,
which are outlined in more detail in Supplementary Box 1, suggest a
form of the Beer-Lambert law better suited to SEC:

N
AA(A,, U)= z Aa,(A)Q,(U)r
Process
]
in which Ag; is the differential coulometric attenuation coefficient
(C™*cm?, hereafter shortened to differential coulometric absorptivity),
which describes therelative absorbance that would arise from driving
anelectrochemical reaction forward by the passage of 1 C cm™of charge
around the external circuit. This change in absorbance arises owing to
the differencein the differential coulometric absorptivities of the reac-
tants and products (Fig. 1a). Q, here is the partial charge related to a
given redox process (i), with unit C cm™. We recommend using this
formulation and will use it hereafter.

SEC workflow for understanding redox dynamics and kinetics
There exist as many possible SEC experiments as voltametric tech-
niques. In this Primer, we focus on UV-Vis SEC, which provides an
accessible and versatile platform for probing redox dynamics. Within
this framework, we have found utility in a workflow coupling UV-Vis
spectroscopy to three voltametric profiles, which we introduce in detail
inthe following sections.

Webegin with cyclic voltammetry SEC (CV-SEC), which forms the
core of this workflow as it proves quantitative dynamics of the redox
processes that occur on surfaces, revealing the potential windows in
which distinct processes dominate and providing access to mechanistic
descriptors such as intermediate binding energies and turnover fre-
quencies (TOFs) normalized by the density of potential-dependent spe-
cies. We then discuss square-wave voltammetry SEC (SW-SEC), which
isusedto calibrate absorbance against charge and ensures that charge
transfer to the catalyst surface is not rate-limiting. Finally, potential
decay-SEC (PD-SEC) confirms the reactivity of the speciesidentified as
critical tothe catalytic cycle. Only by combining these techniques can
the full potential of any be achieved; as without the detailed dynam-
ics provided by CV-SEC, SEC potentials for the other two techniques
are effectively chosen blindly. Similarly, without SW-SEC and PD-SEC,
CV-SEC cannot be calibrated to give partial charge dynamics or be
confidently interpreted to give binding energy or TOF.

All workflows described subsequently are illustrated using syn-
thetic data, which canbe reproduced by running the main.py scriptand
subsequent plotting scripts available in our GitHub archive.

Cyclic voltammetry spectroelectrochemistry. During a potential
ramp, increasing potential drives the oxidation of species at the sur-
face of an electrocatalyst (Fig. 1a). Each of these redox processes has
its own standard potential. Where the applied potential exceeds the
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Fig.2| Typical spectroelectrochemistry experiments and example data.

a, Potential-time (top) and current-time (bottom) traces of a cyclic voltammetry
spectroelectrochemistry (CV-SEC) experiment. b, SEC data of asingle scan

ofthe experiment, showing complex evolution of differential absorbances

with potential (corrected by voltage drop arising from solution resistance, iR).

¢, Potential-time (top) and current-time (bottom) traces for a series of square-
wave SEC (SW-SEC) experiments starting atacommon lower potential and
withincreasing upper potentials. d, SW-SEC spectra for a single experiment
showing the spectral dynamics that evolves and decays during an experiment.

Time (s)

e, Potential-time (top) and current-time (bottom) traces for a series of potential
decay-SEC (PD-SEC) experiments starting at acommon lower potential and
withincreasing upper potentials. f, PD-SEC data for a single experiment;

here, the circuitis opened and spectra may only decay through self-discharge
processes. All datashown in this figure are synthetic and obtained by simulating
absorptivity spectra with mixtures of broadened gaussians (details can be found
inour GitHub archive). For CV-SEC, the evolution of the spectra is governed by
the equations provided in this Primer. For simplicity, kinetics is simulated with
either exponential (SW-SEC) or power-law (PD-SEC) functions.

standard potential, an oxidation ‘wave’ is observed because, unlike
solutionelectrochemistry, alimited amount of material is available to
oxidize, leading to self-limiting redox processes. Ideally, the standard
potentials of these redox processes are far apart enough to allow the
current ‘waves’ for each process tobe discerned, assigned and analysed
(seethe ‘Results’section). This is often the case for single-crystal facet
electrodes. However, in polycrystalline electrodes, transitions can be
broadened by a multitude of factors (see the ‘Results’ section) and
might overlap in potential. In this case, correlating spectral evolu-
tion with charge passed allows overlapping redox processes to be
distinguished and quantified.

In CV-SEC, spectra are measured continuously as cyclic voltam-
metry is performed (we refer readers inexperienced in cyclic voltam-
metry to refs. 42,43 for an introduction to this technique). Here, the
potential, U, is applied in a three-electrode configuration, compen-
sated against solution resistance (seerefs. 44,45 for a detailed discus-
sion of iR compensation) andincreased linearly with time atascanrate

of v (Vs™) from a lower vertex potential to an upper vertex potential
(thatis, ananodicscan). After this point, the scan directionis reversed
(-v)andthe potentialiis driven back towards the lower vertex potential
(in a cathodic scan) to complete a cycle that can then be repeated
(Fig. 2a, top). During this measurement, the current density / (A cm™)
thatisdrawninresponse to the changein potential is recorded (Fig.2a,
bottom). As electrochemical systems exhibit capacitance (units F or,
more usefully, 5),the measured currentis sensitive to both the potential
and the scanrate.

To collect CV-SEC, spectramustbe collected duringa CV measure-
ment, requiring the two to have acommon starting time. Spectral acqui-
sitionis most easily synchronized by sending a voltage pulse known asa
trigger or transistor-transistor logic pulse fromthe potentiostat tothe
detector at thestart of the experiment, with the camerameasuring con-
tinually at the fastest possible acquisition time to produce a sufficient
signal until the experiment ends. We typically perform voltammetry
at scan rates of 1-10 mV s with an exposure time of ~10 ms to enable
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10-100 exposurestobe averaged to produce adataset with1spectrum
per millivolt. Maximizing the intensity of light such that the number of
counts per exposure s close to the upper end of the dynamic range of
the detector is crucial for the success of this strategy.

Practically speaking, synchronization can be achieved by coupling
transistor-transistor logic trigger pulses with standard instrument
control software or programmatic synchronization using an automated
programming interface with a coding language such as Python, C or
LabVIEW. As the potentiostat and the camera have acommon starting
time or known time offset, aspectrum measured at agiven time can be
interpolated to a given potential. An alternative approachistousean
automated programming interface to develop a loop incrementing
the potential and then recording both the current and the spectrum.
The latter removes the need to interpolate potentials with times,
although it reduces the acquisition rate. In both cases, the relative
absorbance spectrum (Supplementary Box 1) for a particular cycle ¢
andscan s (for example, cycle 1, anodic scan) isshownin Fig.2b and is
calculated by:

1A, U,c,s)

AAQA,U,c,5)=AA,U,c,s)-AA, Uy, c,s)= —Ioglom.
» Yo &,

It is worth emphasizing that the evolution of the spectra will be
strongly cycle-dependentif the surface changesirreversibly with time
during the CV and strongly scan-direction-dependent if there is irre-
versibility or hysteresis between oxidation in the forward scan and
reduction during the reverse scan. In a reversible system, the scan
number can beignored and a single scan direction chosen (for exam-
ple, anodic scans only). Initially, however, both should be examined to
determine whether the cathodic scansimply constitutes the reversal of
the anodicscan, with some degree of hysteresis, or whether irreversible
changes occur upon cycling.

Square-wave voltammetry-spectroelectrochemistry. A crucial
aspect in understanding an electroactive material is understanding
thekinetics of charging and discharging associated with agiven surface
redox process. Charge transport to the interface in a material that is
tooinsulating or thick might be so slow asto be rate-limiting. Further-
more, asredox processes mightinfluence the conductivity and charge
transport of films*®, it is useful to assay the charge transport kinetics
in a process-specific manner. Another challenge is determining the
value of A; at the wavelength where absorbance is maximal (Aa(A pq ),
see the ‘Results’ and ‘Applications’ sections for more details).
Square-wave voltammetry SEC can be used to accomplish the aims
mentioned earlier. Awindow of potential should be chosen where only
one process dominates (see the ‘Results’ section for details); within
thiswindow, asquare wave is applied, abruptly changing the baseline
potential U, ¢, to an upper potential U, at time ¢; and back to U, at ¢,
(Fig. 2¢, top panel). In response to the potential step, the electrode
exhibits a charging transient, which is recorded by the potentiostat
(Fig. 2c, bottom panel). This transient decays as the electrode reaches
a new position of equilibrium. The optical detector is triggered at
the start of the experiment and records throughout. The relative
absorbance (Fig. 2d) as a function of time is calculated as:

1A, 0)
1A, t9)°
To understand changing dynamics across the potential window,

and to extract the magnitude of Aay(A 5., ), this experimentis typically
performed over a series of U, values as in Fig. 2c. This leads to larger

AAQA, t) =-log,,

current transients as more charge must be passed for the system to
reach quasi-equilibrium.

Potential decay-spectroelectrochemistry. Since early work by Con-
way in the 1950s, it has been recognized that the reactivity of species
accumulated through charging an electrode can be monitored by
the decay in electrode potential under conditions in which no charge
can cross the external circuit”. After a fast drop related to solution
resistance*®, the electrode potential can only change through coupled
reduction or oxidationreactions thatenable the electrode to discharge
and therefore decay towards a potential that minimizes the energy of
the system. Inthe Nernst equation, the electrode potential is logarith-
mically related to the reaction quotient (Supplementary Box 1) — the
ratio of product to reactant activity raised to their stoichiometric
coefficients. However, this decay in potential isambiguous in situations
inwhich multiple intermediates coexist and decay simultaneously.

InPD-SEC, the decay of relative absorbance under open circuit is
adirect probe of the interconversion of states occurring as aresult of
reaction. A constant potential is applied for atime inasimilar manner
to SW-SEC. However, instead of returning to the starting potential at
t,, thecircuitisopened, preventing the passage of charge. Total current
is zero and the potential drifts as a result of balanced anodic and
cathodic processes occurring at the surface (Fig. 2e). The electrode
potential with respect to the reference electrode can be measured if
desired, but is not necessary for analysis. The detector is again trig-
gered at the start of the measurement, with 44(A, t) calculated identi-
cally to SW-SEC, and records both the generation of intermediates and
the self-discharge reactions (if any) that the products of aredox process
canundergo after they are generated (Fig. 2f).

As with SW-SEC, it is simplest to choose values of U, and U, that
correspond to a potential window where only one redox process is
occurringand thus correspond to the generation of increasing amounts
of only one product that might affect the decay rate. The technique
can also be useful in distinguishing quick-decaying reactive species
fromslow-decaying, unreactive species, in which it can be proven that
the products of multiple processes coexist at a given potential.

Choice of experimental components

Data-rich SEC systems are not currently available to purchase and must
typically be assembled. All SEC set-ups broadly speaking follow the
schematic shown in Fig. 1b, which indicates how entire spectra are
projected onto the detector. Practically speaking, turnkey spectro-
graphs for the dispersal of spectra and collection of spectra are readily
available and compatible with detectors of the same brand. The major
components of any set-up are detailed subsequently.

Light source. The relative absorbance in an SEC experiment can be
written as:

AL, U) =—log, (1_ AIQA, U) + err(/l)}

1o(A)

where Al is the changein the intensity that occurs because of the chang-
ing absorbance of the sample and err(A)is a noise function that depends
on thelight source, the detector and the wavelength. The function
log(x)behaves asymptotically inthe region wherexis closeto O.In this
region, small fluctuations inxwill produce alarge fluctuationinlog(x).
Ideally, therefore, the term A/(A, U) + err(1) should always be smallin
comparisonto theintensity of light on the detector (/,(1)) to avoid the
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situationinwhich1 - 2/&V+er@ 4 oJoseto 0,ashere,asmallrandom

effect of err(A)willinduce é)symptotic fluctuationsin AA. This situation
can be unavoidable in optical set-ups where the light source is weak,
or where very little light reaches the detector.

Toavoid the problem mentioned earlier, alight source that is as sta-
ble as possible and intense across the wavelength range being studied
must be used. Good choices for the400-900 nmrange are stabilized,
low-noise, W-halogen lamps as they meet these criteria: low costand a
small physical footprint (the authors have used Thorlabs SLS201L and
Bentham WLS100). These sources are also capable of emitting into
the NIR, enabling the use of a single source for configurations with
both visible and NIR detectors. Deuterium sources can be used for
measurements in the UV region, although the sharp, intense peaks in
these spectramustbe carefully filtered outif high intensities are tobe
used without inducing artefacts in the spectra associated with detec-
tor saturation (Supplementary Table 1). An array of UV-light-emitting
diodes (LEDs) combined using a fibre-optic patch cable can also be
used. In this case, LEDs must be effectively cooled and it is therefore
recommended to buy LEDs equipped with heat sinks or toinvest effort
in designing effective cooling solutions.

For the sake of simplicity, the optical configurations discussedin
this Primer do not use areference beam to measure fluctuationsin the
lamp output intensity (/,). Gas discharge lamps such as Xe arc lamps
are a less-suitable choice for set-ups not using a reference beam as,
despite their intense output, the flickering of the arc of plasmabetween
thetwo electrodes of the lamp produces large changesinintensity that
canoverwhelm A/(A, U).If arclamps are desired, the readeris advised
to pay close attention to stability and design configurations to minimize
variation from flicker.

Collimation, colour balancing and light guides. Light sources con-
tainaslit, aperture or fibre-optic collector to select light travelling out
fromthelightsourceinthedirection of interest. In the ideal situation,
this light should act as point source (a source in the the shape of a
sphere with aninfinitesimally small radius). Emitted light diverges with
distance, leadingto anintensity that decays with the square of distance
fromthe source. For asufficient number of photons to pass through the
sample and to the detector, light must be collimated using alens. Alens
offocal distance fwill collimate a point source when placed fmm from
the source. More light can be collected using lenses with smaller focal
lengths, although smaller focal length lenses tend to also have smaller
diameters (D). Thus, a pertinent number for the collection ability of the
lensis the numerical aperture N, which can be expressed as:
n=L.
D

For situations in which maximal collection efficiency is critical, it
mightbe pertinent to choose optics that maximize collection. However,
for most contexts, footprint and price point are also relevant consid-
erations. About 6 cmfocal length planoconvex lenses with adiameter
of 2in. are an economical and performant choice (the authors have
used Thorlabs LA1401-AB, although any lens from a trusted supplier
will work). Choosing achromatic lenses — those corrected for small
changes in focal point that occur with different wavelengths — is an
optionatahigher price point and will produce slightly better intensities
andfocusing characteristics. Itisalso worth noting that many suppliers
providelight sources with collimators asa convenient add-on. Lenses
can be mounted on to movable optical posts and post holders, and
alignment eased with optical rails or optical cage systems.

Both W-halogen lamps and LEDs exhibit an emission spectrum
with a strong peak. Thus, detectors might become saturated at the
peak emission wavelength and register very low intensities at wave-
lengths far from this peak. This problem can be mitigated by using
a colour-balancing filter to attenuate light at the peak wavelength
and produce a flatter emission spectrum. The authors use Thorlabs
FGT200filtersin conjunction witharange of W-halogen sources for this
purpose. Although maximizing light intensity is helpful to obtain aflat
spectrumwhichis asintense as possible, too much light will eventually
saturate any detector regardless of whether colour-balancing filters
are used. In this case, using neutral density filters or moving a lens
outofthefocal plane canreduceintensity evenly across wavelengths.

Alight guide might be required if there is a need to direct light
in complex, nonlinear, 3D paths. Two types of light guides are avail-
able: liquid light guides, which typically have larger core diameters
(2-10 mm), and fibre optics, which typically have smaller core diam-
eters (0.1-1 mm). Although fibre optics collect less light than liquid
light guides, they have the advantage of having a standardized optical
coupling. Low-cost modular spectrometers typically come with fibre
opticsandifused should be mounted at the point of maximumintensity
of the focused beam. In all cases, care should be taken to ensure that
the light guide chosen transmits in the desired wavelength region by
selecting a guide with an appropriate wavelength operating range.
Furthermore, note that light guides work on the principle of total
internal reflection and should not be overly bent.

Spectroelectrochemical cells. Once collimated, light must pass
through the sample cell. The design and materials used for this cell
will depend on the function of the material being studied and the wave-
lengthrange used, aswell as other factors suchas the needforincreased
pressure, flow or other conditions. For electrocatalysis, the authors
have found that a simple, single-chamber cell with a mount to keep
the working, reference and counter electrodes from touchingis fairly
simple to machine and versatile (see schematicsin the Supplementary
Data). Polyether ether ketone is a suitable material for the cellbody and
any partsthat might comeinto contact withelectrolyte asitisresistant
tostrongacids, bases and organic solvents, and can be soaked inaqua
regia to remove trace metal contamination. Another similarly viable
material is polytetrafluoroethylene. The optical window of this cell is
quartz to enable studies using UV light, although a glass window will
work equally wellif only the visible regionis of interest. Ultimately, the
material chosen will depend on the conditions of the experiment. For
example, acell composed entirely of glass might be inappropriate for
experiments in strongly basic media over long times and for experi-
ments susceptible to contamination by trace metals released from
the glass as it etches under these conditions (see ref. 45 for a detailed
account of standard electrochemical practices that apply equally to
SEC). For materials such as polyether ether ketone, machining is the
only way to produce a cell, which leads to considerable expense and a
slower development cycle. Stereolithographic 3D printing enables cells
toberapidly prototyped and can produce cheap and chemically resist-
ant cells*, and the authors have had excellent results using high-end
printers (Form 4) and tolerable results with budget printers (Elegoo
Saturn4 Ultra). We encourage thereader to check the reported chemi-
cal compatibility and to thoroughly test the chemical compatibility
of resins before committing to long-term cell use. Fused deposition
modelling printers (also known filament printers) should be avoided as
the gaps between filaments can trap electrolytes, leading to longevity
and contamination issues®.
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Sample preparation. For measurement of transmitted light, all sam-
ples must be deposited on an optically transparent substrate. Glass
coated with transparent conducting oxides such as fluorine-doped
tin oxide is an excellent choice for oxidative and mildly reducing
potentials on the reversible hydrogen electrode scale, but is unsuit-
able for strongly reducing conditions®’. The reader is referred to
ref. 50 for a detailed discussion of substrate suitability. Samples can
be deposited by arange of methods such as drop casting'®, sputtering®,
electrodeposition? and hydrothermal synthesis®’. Samples should not
be strongly insulating or overly thick (greater than -1 pm) to avoid creat-
ing highly resistive paths to the surface®. Samples should also ideally
bessingle phase asthe coexistence of multiple phases corresponding to
different materials can produce highly complex and congested spectra
that take considerable time to unravel.

Dispersion of spectra. Depending on the price point, turnkey spec-
trographs can be fibre-coupled or require the user to focus light into
a spectroscope. In the former case, light must be focused down into
the aperture of areceiving fibre optic, which canbe achieved with the
sametype of lens used to collimate the beam. Here, the key considera-
tion is to ensure that the fibre-optic aperture is well aligned with the
beam. At higher budgets, cage systems canbe used to guarantee align-
ment. However, a user can be just as successful withmanual alignment,
placing the fibre optic and focusing lens on posts mounted onan optical
rail and then adjusting the distances and angles to maximize the
detectedintensity. For higher price points, the beamis directly coupled
toanentranceslitof the spectroscope. To match the acceptance cone
ofthe spectroscope, focusing optics with an appropriate f-number are
required (f#= %, inwhichfis the focal length of the lens and D, in this
case, is the diameter of the collimated beam)*. Itis recommended that
thereader checks the f-number of the spectroscope and chooses optics
accordingly. With large area 2D detectors, it may be advantageous to
adjust the distance of the focusing lens away from the distance where
throughput is maximized to ensure that light is projected evenly across
the height of the detector and not simply inthe centre; this canbe done
by moving the focusing lens closer to the spectroscope.

Thewavelength resolution of aspectroscope s fixed by itsinternal
optics and number of lines per millimetre of the reflective grating used
todisperse the spectrum. Users should be aware that there is a trade-off
between wavelength resolution and the bandwidth — the wavelength
range that canbe captured with oneimage. Larger bandwidths allow the
user tostudy awider range of wavelengths, although higher wavelength
resolutions allow narrower peaks to be resolved. A balance should be
prioritized inthe study of solid interfaces as the bandwidth must be suf-
ficient to resolve broad spectral signatures but multiple wavelengths
canbeaveraged together by downsampling toimprove resolution and
signal-to-noise ratios. For example, if three wavelengths per nanometre
arerecorded, these canbe downsampled to1 nmresolution, increasing
averages by afactor of three.

Detection of spectra. The core of adata-richSEC set-upis the detector.
The choice of the detector will depend on price point and anticipated
usage, lightintensity and acquisition time. The principles of operation,
use cases and pitfalls of the two most common cameratypes (CCD and
CMOS) areillustrated in detail in Supplementary Box 2.

CCD cameras have been the key camera technology for spec-
troscopy but are generally not optimal for high-speed, high-light-
intensity acquisitions owing to their use of acommon readout node.
The analogue-to-digital conversion (ADC) unit on CCDs is typically

16-bit, implying that the upper end of the dynamic range is 2 (65,536)
counts. Under bright conditions, pixels are not designed to hold more
photoelectrons than this value and overflow once saturated, leading to
bloom artefacts (Supplementary Box 2). Additionally, resolving weak
responses next to strong responses can be limited by the 16-bit dynamic
range. Spectra are typically recorded by CCD cameras in full vertical
binning mode, in which pixels in each column are summed into the
shift register pixel before horizontal readout. This speeds up spectral
acquisitions over full-frame imaging, but comes at the cost of dynamic
range as there is a 16-bit effective upper limit of the sum of pixelsin a
column. CCD users are strongly advised to check images for saturation
toavoid inadvertently recording abloom artefact.

Scientific CMOS (sCMOS) technology is newer than CCDs and
historically has required additional linearity and aberration corrections
to be fully quantitative (discriminating CMOS imaging devices from
scientifically quantitative SCMOS devices). These corrections were first
implemented around 2008 (ref. 53), although their adoption in spec-
troscopy applications hasbeen much slower thanimaging experiments.
Unlike CCD cameras which convert electrons to voltage on the shift
register, the pixel-level signal conversion in SCMOS is advantageous
for SEC, as although the dynamic range of an individual pixel remains
16-bit, total signal sizes are recorded after ADC, with pixel readout val-
uesbeing summed ona32-bit ADCregister. Assuch, theupperlimitofa
column’sdynamicrangeis the pixel dynamic range (65,536) multiplied
by the number of pixelsina column. Thisadvantage can be maximized
by choosing larger area detectors; with several thousands of pixels per
column, the upper limit of dynamic range for a single acquisition canbe
as highas10® counts. In this optimal regime, the relative contribution of
noise from the detector is minimized and the primary source of noise
arises fromoscillations inthe intensity of the light source. Inits fastest
acquisition mode — rolling shutter mode — the CMOS camera reads
middle rows first and rows towards the top and bottom last, which can
lead to ‘rolling shutterimaging artefacts’ (Supplementary Box 2). This
is typically not anissue for spectroscopy, in which vertical columns of
the detector are averaged together, although it is worth noting that a
spectrumresults fromthe average of many individual spectrarecorded
at slightly different times; this is a potential limitation in instances in
which users aim to resolve fast phenomena.

Data collection and software. Collection of datarequires the synchro-
nization of the detector and the potentiostat. The simplest approach
for synchronizationis to acquire datafrom the two instruments sepa-
rately and use timestamps stored in the data files to calculate the offset
and to align them in time. Combination and alignment of the data
in processing can then be performed using software packages such
as ixdat. This approach only works when the data output includes
timestamps that are sufficiently precise to align accurately with.

The next-simplest approach for synchronizationis to use bundled
software (such as Metrohm’s NOVA, Gamry’s Framework and Biologic’s
EC-Lab)tosendatrigger fromthe potentiostat and toinstigate ameas-
urement from the camera software (for example, Andor’s Solis and
Ocean Optics’ Ocean View). The potentiostat software will read as
normal and data canbe manually saved at the end of measurementinto
any common text format. A set series of acquisitions (kinetic series) is
initialized on the camera by the trigger. The number of acquisitions
and the exposure time should be set such that their product will be of
asimilar time to the total time required to perform the measurement.
For example, acyclic voltammogram with two vertexes (U; and U,) will
take ZLV_U‘) seconds, in which nis the number of cycles (if the cyclic
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voltammetry process starts and ends at U;). The kinetic series will
acquire for approximately mt,,,, seconds (some time is lost reading
data out between acquisitions), in which m is the number of acquisi-
tions in the series and ¢, is the exposure time. Assuming optimal
circumstances in which the number of counts measured is near to (but
notover) the upper limit of the camera’s dynamic range at the minimum
exposure time for the camera, one should choose the minimum expo-
sure time available. Larger exposure times should only be used if the
signal is close to the lower end of the dynamic range. It is prudent to
choose m such that the camera measures for slightly longer than the
window for acquiring the cycling voltammogram, as these later times
canberemoved in post-processing.

U(¢t) data from a cyclic voltammogram can be used to generate a
function thatinterpolates a time measured in the spectra to potential
(forexample, fitting the U(t) in the CV datato a triangle wavefunction).
This can be done in any data analysis software. For an example of how
the authors implement this, see the Sawtooth 2 function in the
SEC_class_2.py fileinthe GitHub archive thataccompanies this Primer.
Linear interpolation can also be used. After interpolation, potentials
can be associated with the spectrum from each acquisition, enabling
the spectral datato be broken downinto spectral dataforagivenscan
andcycle. Note thatitisimportant that these potentials are iR-corrected
and not raw applied potentials. At this point, relative absorbance can
be calculated. Custom-designed Python or LabVIEW control software
can automate experiment and streamline experiment and analysis,
which we have used for generating our example data. Unfortunately,
to date no operating software is compatible with all common brands
of potentiostat and spectroscope; the choice of synchronizinginstru-
ment software, using/modifying existing custom software or building
your own will depend on frequency of usage and the components that
arepurchased. Theauthorsareaware of this challenge, and standardized
operating and analysis software is under active development.

Results

In this section, we outline analysis procedures for interpreting and
extracting usefulinformation from related CV-SEC, SW-SEC and PD-SEC
data. We show how partial charges and currents for redox processes can
be extracted from CV-SEC, differential coulometric attenuation coef-
ficientsand charge/dischargekinetics can be extracted from SW-SEC,
and finally how intrinsic reactivity can be quantified using PD-SEC.

CV-SEC

After calculating the relative absorbance of a scan, the first step is to
check the stability of the process dynamics. If a surface corrodes or
becomes passivated, a process that proceeds but cannot be reversed
willbe measured. Anirreversible process that does not produce a signal
in the UV-Vis region will still likely affect the density and energetics
of interfacial redox processes. Stable process dynamics is, therefore,
characteristic of interfacial stability on the timescale of the CV experi-
ment. This can be tested by taking the CV-SEC spectra from adjacent
cycles (Fig. 3a) and subtracting them:

IrreversibleAA=AA(A, U, c,s) - AA(A,U,c-1,s).

The stability of process dynamics can also be measured across
large time intervals, for example, between the first and last cycles.

Anexample of aresult showing stable process dynamics is Fig. 3b,
in which the spectra shown in Fig. 3a are subtracted. The data should
be within the noise bound of the system, which can be measured by
performing anexperiment onabare fluorine-doped tin oxide substrate

that gives no change in absorbance. If strong irreversibility (>5% of
measured signal) is measured, the sample might be undergoing deg-
radation or irreversible bulk phase transformation, in which case the
following analysis should not be performed. In cases of passivation,
overlayer growth or self-limiting process changes in surface structure.
To distinguish self-limiting processes from continuous corrosion,
cycling should proceed until stable process dynamics is observed;
if stability is not obtained, the following analyses will not be valid. If
stability is obtained, the following analysisis valid. However, it should
not be assumed that the measured surface and the native surface are
the same.

Returning to the equation relating partial charge and relative
absorbance:

N
AMAU)= Y AaHQU).
Process
i
If a potential window [U’, U’ — 6U ] exists in which one redox pro-
cess is predominant, the difference of two AA spectra in this window
should be dominated by spectra reporting on that process:

AAA, U’) - AAA, U - 6U)
~ Aq(D)(QU) - AaD)Q(U" - 6U))
~ Aq()EQU),

inwhich 8Q(U) = Q(U’) - Q,(U’ - 8U) . For context, the authors use
U-6Uintervals of 1-20 mV, depending on the magnitude of the changes
observed. The smallest interval that generally shows a change that is
sufficiently above the noise should be chosen. For example, auser may
start witha20 mV interval but subsequently find that changes can be
resolved at 5 mV, enabling a more fine-grained analysis. Normalizing
spectrain this region produces an identical result as the spectra are
simply Aa;(1) scaled by a constant. The result is the normalized
coulometric attenuation coefficient for the process, Aa;:

AGDEQU) _ Aad) o

DA peai)QUU) Aoy )

Thus, by searching for regions in which the normalized spectra
arising from AA(A, U’) - AA(A, U’ - §) become convergent, one can
ascertain Aa;(1). Regions in which successive spectra diverge fromone
another are regions where the mixed processes are happening and
changing in proportion to one another with increasing potential. An
example showing the evolution of normalized difference spectrais
showninFig.3c. Convergent spectra (corresponding to Aa;) are picked
outand plottedin the bottom panel. We encourage the reader tointer-
actwith these data, available on GitHub, to satisfy themselves that the
spectrachosen areindeed convergent.

Using these values, one canfit AA(A, U)to alinear combination of
AayA)values:

N
AMQA, U= Y BaHBW),
Process

in which the fitting coefficient is given by B.(U) = Aay(A e, ) Q,(U). The
fitted process dynamics (Fig. 3c) is therefore proportional to the partial

charge passed and provides information about the potential windows
inwhich processes occur, as well as the degree of completion of each
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Fig. 3| Example analysis of synthetic cyclic voltammetry-
spectroelectrochemistry data. a, Cyclic voltammetry-spectroelectrochemistry
datashowingrelative absorbance plots for the anodic (positive) scan of two
subsequentcycles. b, Theirreversible change in absorbance from subtracting the
spectrain parta. c, Normalized differential absorbance spectra (top), with
convergent regions (yellow, teal and dark blue) indicating normalized differential
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attenuation spectra (bottom). d, Top: fitting coefficients (8,) froma linear fitting
of datain partato the normalized attenuation spectrain part b. Bottom:
residuals of the fit, obtained by subtracting the measured spectrum from the
reconstructed spectrum. mOD, milli-optical density. All data shown in this figure
are synthetic and obtained by simulating absorptivity spectra with mixtures of
broadened gaussians (details can be found in our GitHub archive).

reaction (a; = ,/max(B,)). As B;and partial charge Q;are proportional to
one another, the degree of completion can also be written as
0;= Q,/max(Q,). Foraprocess that is limited to the surface, where the
productisnot consumed by asubsequent process, the degree of comple-
tionis equivalent to the surface coverage (,). This equivalency rests on
theassumption that for asimple single-electroninterconversion process
(A~ B+ e")thatis observed fromstart to finish, the number of moles of
A converted (or the number of electrons passed) divided by the total
number of moles of A available (equivalent to the total number of moles
of A converted once the process has completed) gives 8 (8= 0). In cases
inwhich Bis subsequently consumedby another process, the equivalency

of @and ofails. Thus, this assumption cannot be made without support-
ingmeasurements or domain knowledge (see the ‘Limitations and opti-
mizations’section). The exceptiontothisruleisifthe processin question
is the last one observed in the potential window, as here, there are thus
nosubsequent processes to consumeit. Inreal experimental data, there
arevarious reasons why artefacts, low signal or high noise might occur.
This can make picking out convergent regions, as showninFig.3c, more
challenging. In this case, it is especially important to confirm the
choice of Aa;(1) by plotting the residuals (Fig. 3d, top panel) of the
fit (AAresia (A, U) = AApeasured 4, U) — AAg (A, U). The residuals should
ideally be close to the noise of the measurement (Fig. 3d, bottom panel).
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SW-SEC

Thefitted datainFig.3d (top) providesinformationabout the process
dynamics of the system, as it indicates the relative amounts by which
the electrochemical processes thatinterconvert species at the interface
are proceeding. Using this plot, windows of potential in which each
process is predominant can be extracted. In the example shown in
Fig.3d (top), process1predominates from0.65 Vto1V.Figure 4ashows
the kinetics obtained following a single wavelength (650 nm; corre-
sponding to data plotted in a horizontal line across Fig. 2d) against
time as the potential is changed from 0.6 Vto different Uvaluesat15 s
and returned to 0.6 V at 60 s. The relative absorbance increases as

charge is extracted and then decays as charge is injected when the
potentialis reversed. The rise and decay times of this signal are useful
for understanding the kinetics of charges as they move from the back
contact to drive interconversion of species at the interface and ulti-
mately reach quasi-equilibrium (indicated by a plateau in AA). Confir-
mation that the kinetics observed is only related to the process of
interest can be obtained by plotting the spectraat the plateau, Fig. 4b
plots the spectra at 60 s (corresponding to a vertical line in Fig. 2d),
normalized by peak wavelength. These are compared with Ag(A) as
well asaspectrum obtained by increasing the upper potentialto1.1V —
beyond the window where process 1 dominates. Spectra within the

Fig. 4 | Example analysis of synthetic square-wave voltammetry-
spectroelectrochemistry data. An example of square-wave voltammetry
spectroelectrochemistry (SW-SEC) in aregion in which a single processis
occurring. A lower potential of 0.6 Vis used. a, SW-SEC kinetics at 650 nmin the
potential window dominated by redox process 1 (in which spectra from 4a
dominate) with alower potential of 0.6 V and at a series of upper potentials.

b, Normalized spectra extracted at 60 s from the SW-SEC datashownin panel a,
comparing the datawith ATxl. The upper potential of 1.1 Vis outside the window in
which process 1 dominates and so does not produce a spectrum that matches Ag;.
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¢, Current transients showing the measurement of charge associated with the
potential step. The equation shows how charge can be extracted from the
integration of the negative current transient, indicated by the regions of the
curve that are filled in. d, Plot of the steady-state absorbance in part a plotted
against the charge extracted in part c. The slope gives the value of Aa; (4 ,,,,) by
which 4a;(1) canbe scaled to give Aa;(1). For clarity, both the absorbance
(optical density, OD) and the charge are scaled by 1,000 and expressed in units of
milli-OD (mOD) and milli-coulombs (mC). All data shown in this figure are
synthetic; details can be found in our GitHub archive.
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window matching that of Aa,(1) confirm that the kinetics belongs to
this process. By contrast, the spectrum from outside the window does
not correspond with Aa;(1) and therefore should not be included in
further analysis as it reports on mixed process kinetics.

SEC provides the shape of the differential coulometric attenuation
coefficient (Aa;(1)) but not its magnitude (Aq;(A ,,,,)). SW-SEC allows
the calculation of this value as:
a2

maxrtplateau)

Q

DA max £ 1y eq,) €21 bE found from the peak value in each of the
tracesinFig.4a. Q canbe obtained fromtheintegration of the negative
transient associated with the square wave (Fig. 4c). Here, a positive
transientis observed as chargeis extracted from the electrode, decay-
ing to zero as quasi-equilibrium is reached. A negative transient is
observed as the potential is reversed and charge is injected back into
the system. For oxygen evolution, the positive charge stored in the
electrode can ultimately drive the generation and the turnover of
catalyticintermediates. Asaresult, in the case of aprocess generating
a rate-limiting intermediate at catalytic potentials, the positive
current transient will not decay to zero but rather to a constant

A‘xi(Amalx) =

value — corresponding to the steady-state rate of catalysis. This con-
stant value complicates the integration of the transient to give charge.
Consequently, itisstandard practice tointegrate the negative transient
(Fig. 4c¢, filledin region) to give the charge stored**. A plot of the maxi-
mum absorbance against the charge stored (Fig. 4d) should form a
straight line withagradient of Aa; (A,,,,,). This value can then be used to
convert the corresponding value of B, in Fig. 3d toa partial charge (Q,).

PD-SEC

Thereisno guarantee that the process generating reactive intermedi-
ates will induce a change in UV-Vis absorbance. Furthermore, one,
several or even all, optically observable processes occurring might
catalytically produce inert products. To examine the reactivity of the
products of agiven process, potential windows where single processes
dominate should be chosen for all processes occurring at or near
catalytic potentials and PD-SEC experiments performed. The resulting
kinetics should be normalized and the relative rates of decay are com-
pared to provide insight into reactivity. Figure 5 demonstrates key
PD-SEC plots that provide information into reactivity. Figure 5a
shows kinetics obtained for potential windows corresponding to
processes2and 3 showninFig.3d. The normalized kinetics of process
2 does not decay even at an upper potential in which process 2 has
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completed (corresponding to a potential step 0of 1.3-1.55 V), suggesting
aninert state. By contrast, the products of process 3 decay even at
upper potentials where process 3 is far from completion (1.55-1.6 V),
suggesting reactivity. As with SW-SEC, it is important to check that
the species generated by the potential step produce the same spec-
trum as the differential attenuation coefficient for the process
being examined (Fig. 5b). It is also advisable to analyse the spectral
signatures arising from the decay of the signal under open circuit
(thatis, Adyecay = AApss0s — AA,-s05), Which should also correspond to
the reversal of the process as catalytic turnover should generate
states earlier in the catalytic cycle, leading to an optical spectrum
equivalent to reversing the process that generates a rate-limiting
intermediate?”.

Once it has been confirmed that the rise and decay of the signal
canbeattributed to the generation (and subsequent consumption) of
productofasingle process, theinitial rate of decay of the signal canbe
used toassay therate of the reaction. Initial rates can either be obtained
throughlinear fitting of the early part of the decay or, if signals are much
greater thannoise, through anumerical derivative. The self-discharge
current that this optical decay corresponds to is:

joptical: d£ - dAA(/l)X 1
cat dr de~ Aa) ||

If the product generated by a process is responsible for driving
catalysis, jc‘;f““‘ should be commensurate to the catalytic current
measured. The measured current, /, contains both a capacitive and a
catalytic contribution. To compare J with C‘;'f““', the capacitive con-
tribution must be subtracted or otherwise removed. This can be meas-
ured by applying fixed potential asafunction of time until asteady-state
catalytic current is observed (this measurement is known as chrono-
amperometry — note that chronoamperometry might be unsuitable
for materials with good short-term stability, but suitable for those with
poorer long-term stability as repeated holds at a series of potentials
give the system more time to degrade than a single potential sweep),
or approximated by subtracting out the faradaic capacitive current

using CV-SEC data, which gives Q (V). In this case:

dQ,,, (V)
Jea == —qu v
in which Qcap(U) = Z,{V Q,(U) and the scan rate — a constant for a
cyclic voltammogram —is v=-;-. From this, the degree to which an

intermediate can supportthe measured current canbe approximated.
Figure 5c superimposes the optical decay current ontop of the/versus
Ucurve and shows the extent to which the optically extracted current
follows the trend of the measured current. Figure 5d directly plots
opticaland measured currents against one another and is auseful visu-
alization of systemic overestimation or underestimation associated
with deviation from a slope of 1. It is worth noting that self-discharge
processes caninvolve the same chemical step that occursunder applied
potential and show a slightly different rate owing to changes in the
double layer that might occur when the circuit is opened**>*°, For
gold-standard proof of chemical reactivity, PD-SEC should couple with
atechniquethatsenses the rate of evolution of products. For the exam-
ple of the OER, the rate of optical decay should be four times the rate
of oxygen evolution under the same conditions® as, for a full catalytic
turnover, four electrons are transferred for each optically measured
rate-determining transfer. With proof that anintermediate doesindeed
drive the reaction, the intrinsic rate of the reaction (reaction rate of

the rate-limiting intermediate) can be calculated provided the number
of electronsinvolvedinthe catalytic cycleis known. Inthe case of OER,
inwhich four electrons are needed for one turnover:

Jear (U)
4Qp, ()

This valueis broadly analogous to the TOF measured in molecular
catalysis, with the caveat that TOF iscommonly calculated by normal-
izing against the total number of moles of a catalyst introduced to
the system. We use the term intrinsic rate to distinguish the fact that
the normalization is performed against the density of rate-limiting
intermediates available at a given potential.

V()=

Applications

Inthis section, we outline how the parameters extracted from the three
SEC techniques outlined earlier can be used in the example of OER
electrocatalysis and highlight broader examples in energy materials.

Measurement of binding energy in electrodes

A process generating an intermediate that turns over at a rate com-
mensurate to the rate of catalysis and is generated faster thanitis con-
sumed provides evidence to support the assignment of arate-limiting,
surface-bound intermediate existing in a state of quasi-equilibrium.
On the grounds of this assumption (and that the process generating
this intermediate is the last observed in the window), the degree of
completiono canberelated to the surface coverage of the rate-limiting
intermediate (6) and its standard potentialis referred to as the binding
energy or binding strength. The relation of coverage to potential is
referred to as an electroadsorptionisotherm.

Binding energy has an important role in controlling the rate of
inner-sphere electrocatalyticreactions. This is because of astrong corre-
lation totheactivationenergy of therate-limiting step that consumes that
intermediate (which is described by the Brgnsted—-Evans-Polanyi prin-
ciple)” . In multistep reactions in which the substrate is bound to the
catalystthroughthesameatomineachstep (forexample,in OER asshown
inFig.1a), thisimportanceis undiminished, as the binding energy associ-
ated with each of the step scales linearly with the subsequent step (the
so-calledscalingrelations)****. These two effectslead tovolcanorelations,
in which a clear optimum in intrinsic rate is found for a rate-limiting
intermediate between the extremes of strong and weak binding.

Although volcano relations are strongly predictive of activation
energy and activity in theory, experimentally derived optimumintrinsic
rates have been weaker than expected for OER®. This might arise from
the fact thatbinding energies are typically calculated using density func-
tional theory (DFT) on pristine single-crystal facets and do not consider
coverage effects. Experimental catalysts present multiple facets to the
surfaceand might havelittle or no crystallinity or exhibit stronginterac-
tions with ions and molecules in the double layer**>***, These interac-
tions can introduce changes in binding energies that are challenging
tosimulateinthe absence of experiment. In the simplest case, coverage
dependency of the binding energies can be represented by modifying
the Langmuir (Nernstian) isotherm with an additional linear term:

RT o ro

=U°P+—Ln|— |+ —

Uu=U F Ln (1—0) e

Thisequation, known asthe Frumkin adsorptionisotherm,addsan
additional parameter, r — the marginal molar adsorption enthalpy

increase that arises fromamonolayer of coverage of agiven adsorbate.
In this case, the binding energy of the rate-limiting intermediate is no
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Fig. 6 | Extraction of the binding and interaction energy from the rate-
limiting intermediate for oxygen evolution reaction in iridium oxide.

a, Spectroelectrochemistry collected from anamorphous IrO, sampleinan acidic
electrolyte showing regions clearly dominated by different processes. b, The results
of attenuation, spectral extraction and linear fitting scaled by the maximum value of
the attenuation coefficients. In this case, the partial charge is converted to a surface
concentration using Faraday’s and Avogadro’s constants and assuming a one-
electron process with areactant: product stoichiometry of 1:1. ¢, Modified volcano
plot measured at fixed overpotential, which includes the effect of adsorbate
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interactions. Thex axis is the binding energy in the absence of interactions. The
binding energy is the redox potential where coverage increases the fastest with
increasing potential. Thus, systems with lower values of binding energy have higher
coverage at an overpotential of 250 mV (thatis, 1.48 V versus reversible hydrogen
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fromref.21, CCBY 4.0.Part creprinted fromref. 23, CCBY 4.0.

longer constantand isinstead alinear function of coverage (U® + #).

The volcano optimum can therefore be reached in strongly bound
materials with alarge enough r at significant coverage.

Thetechniques discussed earlier have been used to extractbinding
andinteraction energies from complex and disordered materials, such
asamorphousiridium oxide?-*. SEC of this material indicates the pres-
ence of threeredox processes (Fig. 6a). Commensurate partial charges
for each of the three redox processes were observed. This result is
comparable with single-crystal studies in which three processes are
observed arising from y and y1, sitesinal:1stoichiometry and assigned
identically toFig.1c. Using DFT provided corroboration of the mecha-
nism and the order of the processes, in which process1was described
as p,xOH,>p,+OH, process 2 pu+OH->pu 0 and process 3
H,+OH > 11, %0 (Fig. 6a, top). Given this domainknowledge assignment,
the coverage of process 3 (which did not complete in theJ)otential
window studied) could be estimated as g,(U) = 65(U) = Q?:na)x, as this
mechanistic interpretation takes u, and g, sites to exist in a L:1 ratio.
Fromthis, the degree of completion of all three processes was plotted

and fitted to Frumkinisotherms (Fig. 6b, top). For the final equilibrium
where coverage and completion are approximately equivalent, the
rate-limiting intermediate was found to generate non-negligible inter-
actionenergies of 0.13 eV. This finding indicates that increasing cover-
ageto100% will destabilize binding by 0.13 eV. Intriguingly, r was found
to triple under alkaline conditions (Fig. 6b, bottom). In this case, a far
lower standard potential was observed, implying that more destabiliza-
tion is required to reach the optimum, effectively countering the
increased r value. PD-SEC coupled with in situ electrochemical mass
spectrometry indicated that the third process generates arate-limiting
intermediate that decays at a rate commensurate to both the current
and therate of O,generation — proving that the intermediate measured
by SEC drives reaction, and thus, that the measured binding and inter-
action energies dictate activity. Plotting the modified volcanorelation
(Fig. 6¢) at afixed overpotential shows thatinboth acidic and alkaline
conditions, IrO, exhibited binding close to the volcano optimum but
for different reasons. Under acidic conditions, the binding energy in
the absence of disruption of interactions that stabilize the interface
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was closertothe1.6 Vversusreversible hydrogen electrode optimum.
Amodest value of rbrings this value closer to the optimum for the value
of (V) at this overpotential. By contrast, in alkaline conditions, binding
began as too weak and was rapidly driven to the optimum by the large
valueof'r.

Tafel slope reconstructionin electrodes with
coverage-dependent adsorption enthalpies

The Tafel slope describes the slope in a plot of the overpotential for
the reaction against the log of the current density and is an impor-
tant performance metric for a catalyst. Tafel slopes can be used for

microkinetic models that assume the number of equilibria needed
to form the rate-limiting intermediate and fit by tuning the intrinsic
rate of reaction and standard potentials of pre-equilibria®*. Acommon
assumption in such models is that the coverage of the rate-limiting
intermediate follows a Langmuir (Nernstian) adsorption isotherm.
However, inthe case of strong interaction energies, this fitting can be
strongly affected, leading to misleading mechanistic conclusions. This
was highlighted by SEC experiments investigating CoOOH?°. Astrong
fit of the CV-SEC data for CoOOH (Fig. 7a, top panel) was evidenced
by the fact that the calculated capacitate current strongly matched
the measured capacitate current (Fig. 7a, bottom panel). However,
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Fig.7| Tafel slope reconstruction using optical data in cobalt oxyhydroxide
(CoOOH) oxygen evolution reaction catalysts. a, Top: results of fitting
spectroelectrochemistry data with results converted into a partial charge.
Bottom: results converted into a changing current, co-plotted with the
measured current (grey line) and oxygen generation measured by in situ
electrochemical mass spectrometry (ECMS, black dots). b, Normalized potential
decay-spectroelectrochemistry decay kinetics of the third process (T3), showing
a100-fold increase in the initial rate of decay with increasing applied potential.

Theblack dotted line shows the decay kinetics associated with the previous
process (no decay). ¢, The coverage of process T3 (the final process in the system,
thus o= 6) fitted against Langmuir and Frumkin adsorption isotherms. d, Tafel
slopesreconstructed using the fitted Frumkin dependence of coverage on
potential against that predicted when the best-fitting Langmuir dependence
isused. The resulting interaction energy ris 0.13 eV, or 13.2 times Boltzmann’s
constant room temperature (k; 7). RHE, reversible hydrogen electrode. Adapted
fromref.20, CCBY 4.0.
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Fig. 8| Active state quantification and analysis of charging/discharging
kinetics iniron-incorporated nickel oxyhydroxide (NiFOOH) oxygen
evolutionreaction catalysts. a, Current voltage curves of Ni(Fe)OOH
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size of the particle. b, Plot of the turnover frequency against the partial
charge, represented as anumber of species assuming 1:1reactant-product
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stoichiometry. ¢,d, Square-wave voltammetry-spectroelectrochemistry kinetics
of the catalytically active species for oxygen evolution reaction, showing fast
charging and discharging for nitrate-derived particles (part ¢) and slow charging
for sulfate-derived particles (part d) upon application of a square-wave potential
measured versus areversible hydrogen electrode (RHE) reference. Reprinted
fromref.22, CCBY 4.0.

the third and final process measured started long before OER current
or oxygen evolution was observed (Fig. 7a, bottom panel, grey line
and black dots). The intuitive indication that this intermediate is not
associated with catalysis was disproven by PD-SEC kinetics, which
showed a two-order-of-magnitude acceleration of the rate of decay
of the intermediate associated with this process as potentials were
increased (Fig. 7b). This is consistent with the rate of increase in cur-
rentand oxygen generation, implicating these states in catalysis. This
was confirmed by the large interaction parameter of 0.37 eV, which
produced a Frumkinisotherm with behaviours far from theideal Lang-
muir behaviour. Aresult of this is that using the best fit of the Langmuir
isotherm density did not reproduce the Tafel slope, given the experi-
mentally determined dependence of current on coverage (Fig. 7c). Only
by introducing the additional coverage effect of a Frumkin isotherm
could the experimentally determined current/coverage relation be
reconciled without introducing rates of reaction inconsistent with
the coverages measured (Fig. 7d).

Measurement of process-specific charging

and discharge rates

Aconsiderable challengeinelectrochemical conversiontechnologies are
disentangling extrinsic factors, such as the surface areaand number of
available reactive sites, from intrinsic factors such as TOF and conduc-
tivity. An example® of how this can be achieved is shown in Fig. 8. Here,
Fe-doped NiO nanoparticles were synthesized in the presence of four
anions, which strongly affected the particle size and thus surface area.
The current potential curve (Fig. 8a) shows atrend of increasing activity
withprecursorsthatreduce particle size. However, the calculation of TOF
asafunction ofreactive available sites removes this trend (Fig. 8b). One
ofthekey contributors to the trend could be the conductivity of the film
reflectedinthe SW-SEC kinetics, as despite being of commensurate thick-
ness, films composed of larger particles (Fig. 8c) show far faster rise and
decay kinetics than those composed of the smallest particles (Fig. 8d).In
thelatter case, the chargeinjection and extraction times are slow enough
forresistivity and charge transport tobecome arelevant consideration.
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Emerging applications
One of the key advantages of the SEC configuration discussed hereinis
that the speed of collection enables the study of materials that are too
unstable to be studied by other means. Additionally, the resolution
means thatirreversible processes, which cannot be accurately resolved
by averaging spectratogether, canbe resolvedin asingle pass. An exam-
ple ofthe former caseisthe non-fullerene electronacceptor molecules
used in organic photovoltaics' (such as ITIC, as shown in Fig. 9a). It
would be desirable to distinguish the optical spectrum of the reduced
form ofthese materials tobe able to track the formation of anions from
neutral charge-separated states using other techniques. However, these
materials are optimized for operationin solid-state devices, and electro-
chemicalreductioninelectrolyteinduces rapid degradation. The rapid
acquisition of SEC data enabled the spectra of anions to be acquired
inseconds before a considerable degree of film degradation (Fig. 9b).
The ability to collect high-resolution, time-resolved spectrain a
single pass has provided insights into the degradation processes of

Fig. 9| Measurement of the spectra of charged ions of materials used in
photovoltaics and organic electrochemical transistors. a, The structure of ITIC,
anon-fullerene acceptor molecule. b, The spectrum of anions of ITIC generated

by the forward scan of a fast cyclic voltammetry-spectroelectrochemistry

organic materials withcomplexelectrochemicalinterfaces. Forexample,
the series of polymers in Fig. 9c can be used to make organic electro-
chemical transistors. These materials suffer from degradation during
operation, whichis challenging to assessin situ. Using PD-SEC (Fig. 9d), a
single-charge injection-decay event was successfully resolved, showing
that polymers with ahigher conductionband energy exhibit faster decay
rates. By excluding oxygen, decay was completely supressed, implicating
electron transfer to oxygen as the mechanism for degradation.

Reproducibility and data deposition

Performant SEC systems must currently be built rather than purchased,
and differencesin components, analysis or code caninduce a difference
inresults. For example, SEC canbe performed both by programminga
potential sweep and continuous acquisition (as suggested herein) or by
aloopinvolvingincrementing the potential, then reading the current
and the spectrum. Such a difference will introduce subtle changes in
the measured current, the number of acquisitions and the potentials
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experiment.c, A series of polymers, shown in order of decreasing conduction
band energy. d, Potential decay-spectroelectrochemistry experiments showing
the relative decay rates of generated anions. OD, optical density. Partsaand b
adapted fromref. 18, CCBY 3.0. Parts cand d reprinted fromref. 19, CCBY 4.0.
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associated with an acquisition. The choice of the experiment design
is not always freely made owing to the varying capabilities of the pro-
gramminginterfaces available for eachindividual component and the
programming language chosen for automation. We therefore recom-
mend readers devise abenchmark sample to ensure validity. Internally,
we use electrodeposited IrO, films (described inref. 23) to ensure that
results are consistent across laboratories.

Achallenge to open and comparable datais that the raw datagen-
erated by a single SEC experiment can be several gigabytesin size. An
appropriate downsampling procedure (such asdownsamplingtol nm
and 1 mV per acquisition by adjacent averaging) must be performed.
If the experiment is relatively small, the downsampled data can be
written to a text format (such as .txt or .csv) and directly uploaded to
arepository such as GitHub or Zenodo. For larger experiments such as
an SEC experiment containing many cycles, further compression and
partitioning might be required. A useful compressed formatis Apache
Parquet, acolumnar format that supports extensive compressionandis
simple to partition into subfiles (containing subsets of cycles or scans)
and subsequently load and reconstruct.

Limitations and optimizations

One of the key limitations and causes of confusion in the literature
is the loss of information about the absolute populations associated
with a process, which occurs when working with relative absorbance
and in cases in which absorptivity spectra strongly overlap. This lack
of information means that microkinetic models of the system cannot
be assembled from partial charge or the degree of completion without
additional information. In the example synthetic data herein, three
processes occur. Theinterpretation of these processes into populations
or coverages requires domain knowledge of stoichiometry. Limiting the
discussiontol:1reactant: productstoichiometries and single-electron
oxidations, the three processes could be interpreted as:

A>B+e >C+2e > D+3e, (1)
A>B+e >C+2e ,D>E +e, (2)
A>B+e ,C>D+e ,E>F+e, (3)

In the case of the sequential mechanism (equation (1)), the comple-
tion of a processimplies the consumption of the products of the prior
process.Inequation (3), all three processes occurintandem, meaning
the products of each process can coexist even whenall processes have
completed. Mixed tandem and sequential mechanisms such as those
shown in equation (2) are also possible. For the final process in each
case, the degree of completionand the coverage are equivalent. How-
ever, the coverage and degree of completion for mechanisms shownin
equations (1) and (2) are not equivalent for any of the prior processes. In
the case shown in equation (3), the microkinetic coverageis equivalent
to the degree of completion as the equilibria are independent:

5= 048 O0p=Ocsp, O = Op 5.

However, in the sequential mechanism (shown in equation (1)), the
products of each equilibrium are the reactants for the next:

5= 0455~ Og>¢, Oc= 05~ Ocpy Op = Ocsp-

If it can be reliably assumed that each process corresponds to a
one-electron oxidation, and that there is a 1:1 reactant-product

stoichiometry in each step, an equal completing charge (Q;, i) of each
processindicates that all sites undergoing reaction also existin 1:1stoi-
chiometry. This could distinguish a polycrystalline interface with one
predominant facet from, for example, a polycrystallineinterface where
exposed facets occur in different ratios, with each process belonging
to a specific facet. Another reason for a deviation from 1:1 stoichio-
metriesisthat SECisnotinherently a surface-specifictechnique.If one
or more of theredox processes penetrate beyond the interface into the
bulk of the material, then different completing charges will be observed
and the potential for the surface-specific process will become harder
to discern from the large signal of bulk processes. This hypothesis is
best interrogated using complementary experiments to reveal the
structure of films, the electrochemical accessibility of sites, porosity
of the films and the relative penetration of redox processes into
them??%4¢%, Regardless of the system or level of domain knowledge,
assumptions of 1:1 stoichiometry between processes or 1:1 reactant:
product stoichiometry within processes should be explicitly stated.

Anadditional limitation of UV-Vis spectroscopy of solid interfaces
is that transitions often do not typically arise from individual atomic
orbitals or states, but rather occur from a continuum of states (band-to-
band transitions). These transitions are broad in comparisonto molecu-
lar absorption spectra and often lack simple and specific molecular
information. Thisstrongly increases the chances of large overlapin the
absorptivity spectra (Supplementary Box1). Furthermore, differential
attenuation coefficients arerelated to the difference between two sets
of transitions rather than a single set of transitions. In the absence of
additional information, a molecular interpretation of the difference
spectra that arise in complex solid interfaces should therefore be
avoided, as spectraare so complex as to contain no chemical informa-
tion. Rather, differential spectra should be seen as fingerprints of
processes that provide no directinformation about stoichiometry. For
example, thereactionsA>B+e,A>2B+e and A~ B+ C+e willhave
the following differential attenuation spectra, respectively:

Aa=ag-ay,
Aa=2az-ay,
Aa=agtac—ay

Without domain expertise or additional measurement of the
chemical nature of reactants and products, these processes can-
not be distinguished from one another using SEC. Despite the ubig-
uity of invoking 1:1 reactant-product stoichiometries involving the
single-electron oxidation of only one atom, assumptions of the stoi-
chiometry and number of electrons should be explicitly stated so
that the microkinetic interpretations of spectra can be revised if new
evidence comes to light.

Finally, thereis no guarantee that either the reactants or products
involvedinaprocess will absorb in the UV-Visregion. SEC data should
therefore be shown (rather than assumed) to track most of the pro-
cesses occurring inamaterial by demonstrating that the reconstructed
capacitative charging current from SEC explains the measured current
(Fig. 7a, bottom). Beyond these key considerations for interpreting
data, other experimental considerations are required to produce
valid, interpretable data. These canbe found in Supplementary Table 1.

Outlook
Developments in computing power, open-source programming lan-
guages and detector technology have produced astep change in what
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canbeaccomplished with operando UV-Vis SEC. An outstanding chal-
lenge in the field of high throughput and automated chemistry is the
needtocollectinformation oninterfaces that canonly be characterized
insitu. The balance of accessibility, sensitivity and data volume makes
SECahighly versatile technique for the collection of large-volume and
high-throughput data. SEC provides detailed information about the
potentials at which processes occur, as well as the density and reactivity
associated with the products of a process. However, a key limitation
of the technique is that it provides no direct chemical insights into
the nature of the reactants and products generated by a process. In
the future, we anticipate that the unique weaknesses and strengths of
SEC canbe mitigated and enhanced, respectively, by directly coupling
the technique with highly automated, multimodal, high-throughput
measurement systems. For example, detailed information about the
relation of reversible oxidation processes to irreversible corrosion
could be obtained by coupling SEC with in-line inductively coupled
plasma mass spectrometry. Similarly, coupling SEC to techniques that
provide deep chemical insights but have slow acquisition times (such as
X-ray absorption and Raman spectroscopies) could provide a holistic
view of the chemical species that are interconverted by the processes
monitored in SEC. The slower techniques could take ‘snapshots’ of
chemical nature of system at potentials where processes begin and
complete. Advanced computational tools could also provide the chemi-
calinsights needed to complement the detailed dynamics provided
by SEC. For example, the PyTASer package®® uses DFT to simulate the
differential attenuation coefficients associated with different chemical
processes. Amatch of asimulated and measured value would provide
strong evidence of the chemical nature of a process. A barrier to these
aims s the lack of standardization of operating software and analysis
procedures. To facilitate the general use of SEC, open-source operat-
ing software should be developed that can be easily understood and
adaptedtothe ends of the user, who can then analyse their results using
open-source analysis scripts that have been vetted and optimized by a
community of users. Recent developments in this space such as highly
modular, Python-based webserver orchestrators® and open-source
operando analysis packages such asixdat have paved the way for robust
and flexible community-driven software, whereas advances in3D print-
ing have removed the need for (and expense of ) machining expertise.
Takentogether, we anticipate a future where the rapid prototyping of
innovative cell designs and optical configurations can be coupled with
rapid experiment automation.

Published online: 20 November 2025
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