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Broader context
Electrochemical reactions at electrode-electrolyte interfaces drive catalysis and energy technologies, yet 
probing these interfaces under operating conditions with kinetic detail has long been elusive, often 
obscured by ensemble-averaged information. Our research uses modulation excitation X-ray absorption 
spectroscopy (ME-XAS) to examine copper—a CO₂ conversion catalyst—revealing dynamic surface redox 
during renewable energy intermittency (p. 1-8). This sensitivity to surface-specific and time-resolved 
changes transcends traditional limits, offering unprecedented insight into electrocatalyst behavior. 
These advances can push forward fundamental catalysis and energy science research by resolving rapid 
interfacial processes. The ability to track kinetics and intermediates may now unlock questions of 
catalyst efficiency, selectivity and durability across electrochemical reactions, from energy devices, such 
as electrolyzers, to broader electrochemical systems. For applications, it informs material behavior 
under practical stressors; for basic science, it captures elusive surface states, enhancing understanding 
of reaction mechanisms. This versatility impacts diverse fields—fuel cells, electrolyzers, batteries and 
beyond—by accessing information on electrochemical interfaces without bulk interference. As catalysis 
and energy research target sustainable solutions, the presented approach ability to capture true surface 
dynamics under operating conditions enable innovation across electrochemical technologies, linking 
basic science discoveries to practical challenges in energy conversion and storage system.
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Accessing the electrode-electrolyte interface under operating 
conditions and capturing time-resolved kinetics challenge 
electrochemical studies. Copper’s interfacial oxidation dynamics 
remain unclear despite extensive research. Modulation excitation 
X-ray absorption spectroscopy (ME-XAS) probes Cu in 100 mM 
KHCO₃ with sub-second sensitivity, revealing hydroxide forming 
30±10 ms before Cu₂O at positive potentials (0 to 0.5 V RHE) near 
open-circuit conditions. From -0.4 to 0.8 V RHE, hydroxide reaches 
49% with balanced Cu(I) and Cu(II) oxides. These insights into Cu 
interfacial redox under intermittent renewable energy operation—
relevant to CO₂ electrolyzer durability—enhance our fundamental 
understanding of electrochemical interfaces.

Electrochemical energy conversions using sustainable energy is 
a promising solution for the evolution of our fossil fuels-based 
society.1,2 So far, the effects of renewable energy’s intermittent 
working conditions on the redox chemistry of metals at the 
electrode-electrolyte interface are mostly under-explored and 
will become key for the successful large-scale implementation 
of next-generation electrochemical devices.3 In particular, a Cu 
electrocatalyst is key for the upgrade of CO2 to fuels and other 
high-value feedstocks. Cu is the only element capable of the 
electrocatalytic multi-step conversion of CO2 or CO to C2+ 
chemicals; however, with low efficiency and selectivity.1,4 
Furthermore, the durability of Cu-based systems falls 
significantly short of the thousands of hours of operation 
required for large-scale deployment.5,6 Additionally, the effects 
of the dynamics of diurnal operation on the interfacial state of 

Cu at the electrode-electrolyte interface under open circuit 
potential (OCV) are not well-understood. Hence, the rigorous 
understanding of the electrochemical redox properties of Cu, its 
passivation, oxidation kinetics, and corrosion mechanisms are 
critical to extend the lifetime of electrochemical energy 
conversion technologies.7–10

Copper’s redox properties and behavior in aqueous 
environments have been the subject of extensive studies.7,8,10–

29 Using a concentrated NaOH electrolyte, Müller proposed in 
1907 that Cu undergoes a series of anodic processes: Cu 
dissolves to cuprous ions, then transforms to cuprous oxide 
(Cu2O), followed by a second dissolution to cupric ions and the 
evolution of cupric oxide (CuO).7 Further studies in alkaline 
media have been documented using chronopotentiometry8,11,12 
chronoamperometry,21,30 cyclic voltammetry,13,17–20,22,23,26–28,31, 
photoelectrochemical,32 and spectroelectrochemical 
studies.16,19,23 In combination with X-ray diffraction, X-ray 
photoelectron, Auger, and Raman spectroscopy,15,17,19,21,25–29 it 
is widely recognized that oxides of copper passivate the surface 
in a pH range of 8-13 under anodic potentials (which is 
consistent with the Pourbaix diagram).33,34 Cu reacts easily with 
oxygen-containing electrolytes Cu(110) > Cu(100) > 
Cu(111).19,27,35 When a Cu electrode is anodically polarized in 
alkaline media, a surface layer of Cu2O  forms through 
electrosorption of oxygen-containing species on the Cu surface 
as the first oxidation step.19 As the anodic potential increases, 
Cu(OH)2 and CuO multilayers grow passivating the surface 
before O2 generation from water oxidation. Single-crystal 
studies show hints of OH* coverage, and a subsequent 
generation of Cu2O before the evolution of Cu(II) species.16,27 
Nonetheless, the formation dynamics and the composition of 
the complex oxide structure at the electro-electrolyte interface 
remain debatable.
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Capturing the electrode-electrolyte interface has been the 
subject of intense research efforts for over a century.36–41 

Probing the surface-active species of bulk electrodes under true 
working conditions is a challenging task.37,39–42 Hard X-ray 
absorption spectroscopy (>6 keV), due to its element specificity, 
has been widely used for in situ and operando electrochemical 
studies,  probing oxidation states, chemical bonding, and 
coordination under steady-state conditions.43–51 However, by 
probing all atoms of the same element, hard X-rays 
predominantly provide ensemble-averaged information of the 
bulk, limiting the detection sensitivity of interfacial 
phenomena;43 i.e., the active sites signal is typically 
overwhelmed by the background of spectators. Moreover, in 
typical operando XAS of electrochemical systems, the spectra 
are obtained at multiple potentials at steady-state conditions (if 
the catalyst is sufficiently stable for the measurements and have 
a high enough surface-to-bulk ratio to detect the spectral 
differences) and cannot access kinetic information. Therefore, 
it is essential to develop active-site- (or interface) selective 
methods using X-rays that can be employed upon true 
operational conditions with temporal resolution (Scheme 
1a).43,52,53

The modulation excitation (ME) method has been successfully 
applied across various spectroscopies to isolate and improve 
the detection of weak signals.54,55 This approach involves 
periodically modulating an external perturbation while 
synchronizing the detection with the modulation frequency.54–

60 In electrochemistry, using electric potential as the modulation 
parameter offers important advantages over steady-state 
operando XAS:61,62 (i) it rejects background contributions that 
do not follow the modulation frequency, effectively enhancing 
the signal-to-noise ratio, (ii) it follows and isolates signals that 
respond only to the applied potential, providing greater 

interfacial sensitivity, and (iii) it enables access to kinetics 
information through phase demodulation techniques.54–57,59 
Herein, we develop and employ ME-XAS to study Cu at an 
oxygen-free bicarbonate electrolyte interface that capture 
chemical species’ dynamics in the ms timescale under operation 
conditions. Overall, the approach and the results have universal 
implications for the fundamental understanding of the redox 
behavior of Cu and its oxidation mechanism under open circuit 
potential conditions in aqueous alkaline media. The 
methodology holds a promising broader impact for operando 
studies of electrode-electrolyte interfaces in various 
electrochemical systems such as batteries, fuel cells, and 
electrolyzers. Furthermore, beyond studies in electrochemistry, 
the technique can be applied to photoelectrochemical and 
photocatalytic systems by using light stimulus as the 
modulation parameter. 
Scheme 1b summarizes the concept of ME-XAS with potential 
modulation. In this approach, X-ray absorbance is measured at 
each incident photon energy, while the applied potential is 
modulated at a pre-determined frequency between P1 and P2. 
The X-ray absorbance of the active species responds to the 
modulation frequency, allowing for the extraction of difference 
spectra () as a function of incident X-ray energy. This 
technique isolates the signals from the minority active sites 
while effectively filtering out contributions from spectators. 
Phase-sensitive detection (PSD) is employed for demodulation, 
providing phase-resolved spectra that reveal the kinetics of the 
processes at the interface.54–57,59 As a result, we obtain time-
resolved information on the chemical changes occurring at the 
electrode-electrolyte interface. Further details regarding the 
instrumentation and technical protocols are available in the 
supporting information (Fig. S1 and S2).
Cu electrodes were fabricated via e-beam evaporation on Si3N4 
X-ray windows. Figure 1a shows the electrochemical cyclic 
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Scheme 1 (a) The scheme shows an electrode-electrolyte interface where the bulk electrode material is subject to an external electric potential to drive an electrochemical 
reaction at specific active-sites, while most of the atoms are spectators. (b) In the ME-XAS experiment, an external modulation (e.g., electric potentials P1 and P2 in the cyclic 
voltammogram) drives the system, for example, from a non-faradaic to a Faradaic working state with a specific operating frequency (1/T). Only the absorbance of the active 
species follows the modulation frequency, generating spectral differences as a function of the incident X-ray energy. Thus, the method is sensitive to the changes at the 
electrochemically active interface.
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voltammetry (CV) characterization of a polycrystalline 100 nm 
Cu electrode in a flow cell with 10 ml per minute 0.1 M KHCO3 
under Ar saturation to maintain an oxygen-free electrolyte (Fig. 
S1). First, Cu catalyzes the hydrogen evolution reaction (HER) at 
potentials more negative than −0.4 VRHE (Fig. 1a). Second, 
anodic currents evolved at potentials more positive than 0.3 
VRHE. Two minor peaks observed in the anodic scan at 0.35 and 
0.38 VRHE are tentatively ascribed to the electrosorption of 
oxygen species (Fig. 1a, and Fig. S3).19,28 The two main anodic 
peaks at 0.46 VRHE (A) and 0.66 VRHE (B) are commonly assigned 
to the oxidation of Cu(0) to Cu(I) and then to Cu(II).7,8,11,12,18–

20,25,26,29 The broad anodic feature above 0.8 VRHE is typically 
correlated to further converting metallic Cu and Cu(I) into mixed 
oxidized species (e.g., cupric oxide, copper hydroxide, or a 
higher state of copper before the water oxidation 
reaction).7,8,11,12,14,18,20,22,23,25,30 Finally, on the cathodic sweep, 
the observed peaks between 0 and 0.5 VRHE (C, D) are attributed 
to the reduction of hydroxide to cupric oxide, the reduction 
from Cu(II) to Cu(I), and the direct complex reduction of Cu(II) 
and Cu(I) to metallic Cu, respectively.26 The electrochemical 
characterization of the Cu electrode in the bicarbonate 
electrolyte is consistent with reported results using alkaline 
media. Nonetheless, it is challenging to rigorously differentiate 
and assign the redox steps due to the semiconducting and 
insulating nature of the formed oxide and hydroxide 
structures.14,17,23,26,29 To this end, we used ME-XAS to interpret 
the nature and kinetics of the oxidation reaction in detail. 
In the ME mode, the applied potential is modulated at 1.3 Hz 
between two potentials (P1 and P2 in Scheme 1b) while 
recording the X-ray absorption of the sample for a grid of 
incident energies along the Cu K-edge region. The 1.3 Hz 
modulation provides access to the relevant phenomena in sub-
second timescales without introducing instrumental sources of 
noise based on a performed frequency analysis (Fig. S4). Before 
starting the ME experiment, a constant potential of −0.4 VRHE is 
first applied to the Cu electrode. Then, two potential windows 
were explored: 0 to 0.5 VRHE (Fig. 1b), and −0.4 to 0.8 VRHE (Fig. 
1c) to probe the oxidation of Cu near open circuit potential 

conditions. At each incident X-ray energy point, the Cu 
fluorescence intensity was acquired for at least six modulation 
cycles with a rate of 100 kHz; these time traces were binned 
down to 200 Hz giving a final time step of 5 ms (Fig. S2). The 
difference spectra (Δμ) from the Cu K-edge ME-XAS in Figure 1b, 
c are constructed by subtracting the anodic from the cathodic 
condition (Fig. S5). Cu is in a metallic state under a constant 
applied potential of −0.4 VRHE (gray line in Fig. 1b, c, and Fig. S6). 
The first negative peak of the difference spectra with maxima at 
8980 eV is related to changes of the XAS rising edge attributed 
to dipole-allowed 1s-to-4p transitions, and it indicates the 
oxidation of Cu.63–65 A single positive peak at 8982 eV (Fig. 1b), 
qualitatively resembles a fingerprint that is unique for the 
formation of Cu2O (vide infra, Fig. S6). The broad above-edge 
feature starting at around 8995 eV is correlated to positive 
shifts of the main edge of the XAS; mostly related to structural 
resonances determined by multiple photoelectrons 
scattering.64 Such high energy features are ascribed to the 
formation of oxygenated Cu species via oxidation, based on the 
reference spectra of standard samples (Fig. S6). As shown in 
Figure 1b, c, the ME-XAS can detect spectral changes better 
than 0.02% in signal differences. Assuming an atomically flat 
100 nm Cu, the throughput of the ME-XAS scheme provides the 
sensitivity to access sub-monolayer (ML) interfacial changes. 
When considering that the actual surface area is significantly 
larger due to the morphology of the sputtered electrode and 
any surface reconstruction mediated by potential modulation, 
the surface sensitivity of ME-XAS is notably enhanced, making 
the detection of solid-liquid interfacial phenomena remarkably 
effective.
Figure 2a, c show the phase-resolved spectra at the Cu K-edge 
from the two potential windows: 0 to 0.5 VRHE (Fig. 2a), and −0.4 
and 0.8 VRHE (Fig. 2c) assuming quasi-reversibility. A control 
experiment (blank) was performed by holding the potential 
constant at −0.4 VRHE to extract the spectral background of the 
technique (Fig. S7). Spectral differences evolve as a function of 
the phase in the rising edge energy region between 8977 eV and 
8985 eV and on the main white line peak between 8991 and 

Fig. 1 (a) Cyclic voltammetry of a polycrystalline 100 nm Cu electrode in an electrochemical flow cell with 100 mM KHCO3 (100 mV s−1, 10 ml min−1, Ar saturation). The anodic 
redox peaks are highlighted as A and B, and the cathodic redox peaks as C and D. The Cu K-edge ME-XAS of a 100 nm Cu electrode collected under potential modulations between 
(b) 0 V and 0.5 V, and (c) −0.4 V and 0.8 V vs. the reversible hydrogen electrode (RHE) at 1.3 Hz. The mean spectral difference between the state at (b) 0.5 VRHE or (c) 0.8 VRHE 
subtracted from the state at 0 VRHE or −0.4 VRHE, respectively, is extracted from three acquisitions with the error bars showing one standard deviation. The normalized Cu K-edge X-
ray absorption near-edge structure (XANES) of the electrode held at −0.4 VRHE (metallic spectrum) is shown to highlight the energy regions where the spectral differences are 
observed.
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9005 eV. When the potential window is restricted below the 
first anodic redox peak A in Fig. 1a (0 to 0.5 VRHE), there are three 
well-resolved spectral differences centered at 8979.2 eV, 
8981.7 eV, and 8997 eV (Fig. 2a). For the wider potential 
window of −0.4 to 0.8 VRHE, three broad spectral differences 
with maxima at 8980 eV, 8984.3 eV (shoulder), and 8997.8 eV 
are obtained (Fig. 2c). These resolved differences arise from the 
convolution of the disappearance and formation of metallic Cu 
and multiple oxidized Cu species. Figure 2b, d show the 
integrated intensity of three energy regions of the demodulated 
spectra in Fig. 2a, c as a function of their phase-shift: 8977.5-
8980 eV (E1), 8981-8983 eV (E2), and 8991.5-9001 eV (E3). The 
scattered points in Fig. 2b, d show the mean of the raw data for 
three periods, and it highlights that the phase shift extracted in 
the demodulated spectra is consistent with the oscillations 
observed in the raw data. When the potential is modulated 
between 0 and 0.5 VRHE, there are time delays between E1, E2, 
and E3. On the other hand, when the modulated anodic 
potential is larger at 0.8 VRHE, there is almost no delay among E1, 
E2, and E3.
Figure 3b-e shows snapshots of the time-dependent 
demodulated spectra collected from two potential windows, 
between 0 to 0.5 VRHE (b, c), and between −0.4 to 0.8 VRHE (d, e). 
Their linear combination fitting analysis (LCA) using the 
reference standards in Figure 3a are also shown (see also Fig. 

S6).66 The LCA fit was first performed for the entire X-ray 
absorption near-edge structure (XANES) region (8974-9012 eV) 
and then for the pre-edge plus rising edge region (8974-8991 
eV) using the absorption spectra of all combinations of the 
reference standards (Fig. 3 b-e top, Supporting Note 1, and Figs. 
S8-S11).
For the potential range between 0 to 0.5 VRHE, the LCA of the 
PSD-resolved spectra shows the early formation of Cu(II) with 
Cu(I) on the surface of Cu under mild anodic potential similar to 
OCV conditions (200 ms in Fig. 3b and Fig. S8). The spectral 
features in the pre-edge and rising edge region (E1 and E2 
region in Fig. 3b,c) require the inclusion of a fraction of Cu(II) 
species, alongside the predominantly identified Cu2O 
component. Among the available Cu(II) reference spectra, the 
inclusion of either Cu(OH)2  or CuO with Cu2O produced fits of 
similar statistical quality (Fig. S8 and S10). It is however 
challenging to resolve the precise identity of the Cu(II) species 
using the bulk Cu reference standards: CuO and Cu(OH)2.  While 
the fit residual value shows a minor improvement with CuO, the 
fit quality is similar and, in both cases, they miss a feature 
between 8980 and 8985 eV at earlier time points (200 and 300 
ms in Fig. S8 and S10).   We postulate that this is because the 
reference standards currently available are bulk structures, 
while the surface species we experimentally capture here likely 
have geometric distortions that differ from the bulk-like 

Fig. 2 Phase-resolved spectra of the Cu K-edge ME-XAS from a 100 nm Cu electrode in 
100 mM KHCO3 (10 ml min−1, Ar saturation). The potential of the Cu electrode was 
modulated at 1.3 Hz between (a, b) 0 V and 0.5 V, and between (c, d) −0.4 V and 0.8 V 
vs. RHE. (a, c) The spectra show the temporal phase evolution from 0 to 2𝜋. The three 
energy regions, where the main spectral differences are observed, are highlighted as 
horizontal bars: 8977.5-8980 eV (E1), 8981-8983 eV (E2), and 8991.5-9001 eV (E3). (b, 
d) The raw (grey dots), and the phase-resolved data (colored circles) are presented 
both averaged over the indicated energy intervals (E1-3 in a and c). The square-wave 
electric potential modulation stimulus is shown as reference. The vertical lines 
correspond to the phase of the highlighted demodulated spectra in (a) and (c).

Fig. 3 Linear combination fitting analysis (LCA) of the phase-resolved Cu K-edge ME-
XAS. (a) The difference spectra of the Cu standards are used as references for LCA, by 
subtracting the steady-state metallic Cu spectrum collected at −0.4 VRHE. (b-e) LCA 
fittings (black solid lines) at (b) 200 ms and (c) 350 ms with a potential modulation 
between 0 to 0.5 VRHE; and at (d) 150 ms and (e) 250 ms between −0.4 and 0.8 VRHE (1.3 
Hz, 100 nm Cu, 100 mM KHCO3, 10 ml min−1, Ar saturation). The most abundant species 
within statistical error are included in the pie charts, the extracted relative amounts are 
displayed, and the residual of the fit is presented. Two energy ranges were attempted 
for the fit: the full range from 8974 to 9012 eV, and a smaller pre-edge plus rising edge 
range fit done between 8974-8991 eV (shown as a gray vertical line in a).

Page 5 of 10 Energy & Environmental Science



Journal Name  COMMUNICATION

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5

Please do not adjust margins

Please do not adjust margins

motif.  Overall, we ascribe the Cu(II) component to a hydroxide-
like structure based on the literature and previous 
spectroscopic studies in alkaline media (≥10 mM KOH or NaOH, 
pH ≥ 12).19,28,67,68 

The formation of O* and OH* species has been previously 
proposed as the initial step in anodic oxidation of the Cu 
electrode’s surface under alkaline conditions. This is consistent 
with the peaks observed in our CV in the Ar-saturated carbonate 
electrolyte near 0.4 VRHE (Fig. 1 and Fig. S3).  Therefore, based 
on the literature, the experimental CV traces, and the LCA of the 
PSD-resolved spectra, we assigned the Cu(OH)2 reference 
standard as the likely candidate to best describe the spectra. In 
the potential step from 0 to 0.5 VRHE at a delay of 200 ms, the fit 
of the full XANES region shows values of 81% Cu2O and 19% 
Cu(OH)2 (Fig. 3b, top). A slight increase of Cu2O was observed in 
the later spectrum (350 ms), with an improved fit quality (Fig. 
3c, top). Under the extended potential range (−0.4 to 0.8 VRHE), 
the relative amount of Cu(I) decreased to a mean value of ≈18%, 
and the Cu(II) increased in the form of ≈49% Cu(OH)2 and ≈34% 
CuO; exhibiting a similar composition throughout the full phase 
cycle (Fig. 3d, e). Notably, when attempting to fit the full energy 
range, the fit quality is reasonable but unsatisfactory; 
particularly for the 0 to 0.5 VRHE data (Fig. 3b, c and Fig. S8). 
When the fitting range is limited to the pre-edge and rising edge 
region between 8974-8991 eV, the fit quality improves, showing 
a 7.3:1 and 11.5:1 ratio of Cu2O:Cu(OH)2 after 200 and 350 ms, 
respectively (Fig. 3b, c bottom, and Fig. S10). On the other 
hand, no significant improvement was observed for the −0.4 to 
0.8 VRHE data (Fig. 3d, e bottom).
As described above, there are clear phase shifts among the 
spectral components (Fig. 2b) and composition changes of the 
oxygenated Cu species (Fig. 3b, c) during the 0 to 0.5 VRHE cycle. 
No significant changes were observed during the −0.4 to 0.8 
VRHE cycle after 30 ms, and any evolution of these components 
falls below the time resolution achievable with the chosen 
modulation frequency. Figure 4a top shows that during the 0 to 
0.5 VRHE cycle the demodulated experimental data exhibits a 
time-delay of 40 and 55±10 ms for the rise of E2 and E3 with 
respect to E1. Figure 4a bottom is the temporal evolution of the 
LCA components from the full spectrum fit (8974-9012 eV). The 
integrated intensity of the E1, E2, and E3 regions of the full fit is 
overlayed as solid lines in Fig. 4a (top) that indicates a large 
discrepancy in the E1 and E2 regions. On the contrary, when 
limiting the LCA fit to the pre-edge and rising edge energy range, 
the fit successfully captures the phase shift between the E1 and 
E2 features (Fig. 4b top). The E1 feature arises from the 
differences of Cu2O and Cu(II) species from metallic Cu, while 
the E2 feature is unique in Cu2O (see Fig. 3a and Fig. S6), both 
regions sensitive to the electronic structural changes of Cu.64,65 
The E3 region, on the other hand, arises likely due to the 
oxygenation of the lattice.64 
The early formation of a minor fraction of Cu(II) species is 
evidenced by the peak maxima of the E1 region prior to that of 
E2. While the kinetic evolution in Figure 4 can be described with 
either Cu(OH)2 (Fig. 4b) or CuO (Fig. S11), we ascribed this to 
Cu(OH)2 as discussed above. The extracted phase-shift of 30±10 
ms between the LCA components (Fig. 4b bottom), indicates 

that a hydroxide adsorbate evolves at the early stage of the 
oxidation of Cu before the formation of Cu2O at the interface of 
metallic Cu and the electrolyte.
In the literature, Droog et al. suggested that the electrosorption 
of oxygen species precedes the formation of a surface Cu2O 
layer in 1 M NaOH.19 Pyun and Park proposed the formation of 
hydroxides on the electrode’s surface upon anodic polarization 
in 0.1 M KOH. In-situ STM,67 and surface-enhanced Raman 
spectroscopy68 proposed the formation of OH* (700 cm−1 
Raman band) with ca. 0.2 ML coverage on Cu(111) at more 
negative potentials than the formation of Cu2O in 0.1 M NaOH. 
Recently, Bodappa et al. decorated Au/SiO2 core-shell 
nanoparticles on Cu(111) and recorded two Raman bands at 
535 and 680 cm−1 in 0.01 M KOH. Based on DFT, they assigned 
the peaks to the top site OH* stretching mode and the bending 
mode of OH*, respectively.28 
Our current ME-XAS study provides experimental evidence of 
the early formation of Cu(II) species.  Based on the CV, the LCA, 
and the literature, we propose a surface copper hydroxide 
forming 40±10 ms after the 0.5 VRHE anodic trigger. Then, Cu2O 
evolves 30±10 ms later (Fig. 4b bottom). Finally (≥200 ms), Cu2O 
dominates the composition accompanied by further 
oxygenation and restructuring of the lattice when the potential 
is limited from 0 to 0.5 VRHE in polycrystalline Cu in Ar-saturated 
0.1 M KHCO3 (Fig. 4b). The early appearance of OH* is also 
consistent with the thermodynamic expectations calculated by 
Protopopoff and Marcus.69 When the applied potential exceeds 
the second anodic peak B (>0.65 VRHE, Fig. 1a), the polarization 
drives the kinetics of the system towards the rapid formation of 
Cu(II) species (≥30 ms), mostly in the form of Cu(OH)2 

Fig. 2 The temporal evolution of the phase-resolved Cu K-edge ME-XAS spectral 
features, when the potential of the Cu electrode is modulated between 0 to 0.5 VRHE. In 
the top, the signals (colored circles) are extracted from the integration of the spectral 
intensity of the defined energy regions (see Fig. 2a,c). The black solid lines show the 
integrated intensity of the same energy regions obtained from the linear combination 
fitting analysis (LCA) shown in the bottom. The gray areas around the amplitudes of 
each species spectrum represent the fit error. (a) The full spectrum fit was done 
between 8974-9012 eV, and (b) the pre-edge plus edge fit was done between 8974-
8991 eV. The arrows indicate the position of the maximum intensity.
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accompanied by CuO via the consumption of metallic Cu and 
Cu2O (Fig. 2d, and Fig. 3d, e).

Conclusions
In this work we developed and applied a ME-XAS to study the 
electrode-electrolyte interface of Cu in an oxygen-free 
bicarbonate electrolyte. The PSD of the Cu K-edge ME-XAS 
revealed insights into the early oxidation of Cu with sub-second 
resolution under applied potentials similar to open circuit 
conditions relevant for diurnal start/stop operations. Metallic 
Cu oxidizes to Cu(I) through hydroxide that developed 30±10 ms 
earlier. Then, Cu(OH)2 and CuO evolve and grow under mild 
anodic potential with the hydroxide phase dominating the 
formation kinetics. ME-XAS provides a detailed understanding 
of the oxidation dynamics of Cu in aqueous alkaline conditions, 
contributing to the fundamental knowledge of copper’s redox 
properties that is essential for energy conversion and 
microelectronics technologies. The demonstrated methodology 
can also significantly impact the design, assessment, and 
suitability of Accelerated Stress Testing (AST) protocols, using 
synchronized voltage or current periodic profiles to study 
corrosion, durability, and performance. The challenging study of 
heterogeneous interfaces was addressed using the 
unprecedented sensitivity of ME-XAS to detect subtle chemical 
changes under real operational conditions. This methodology 
provides time-resolved insights into dynamic interfacial 
processes, opening new avenues for understanding critical 
electrochemical reactions and other interfacial phenomena.

Broader context
Electrochemical reactions at electrode-electrolyte interfaces 
drive catalysis and energy technologies, yet probing these 
interfaces under operating conditions with kinetic detail has 
long been elusive, often obscured by ensemble-averaged 
information. Our research uses modulation excitation X-ray 
absorption spectroscopy (ME-XAS) to examine copper—a CO₂ 
conversion catalyst—revealing dynamic surface redox during 
renewable energy intermittency. This sensitivity to surface-
specific and time-resolved changes transcends traditional 
limits, offering unprecedented insight into electrocatalyst 
behavior. These advances can push forward fundamental 
catalysis and energy science research by resolving rapid 
interfacial processes. The ability to track kinetics and 
intermediates may now unlock questions of catalyst efficiency, 
selectivity and durability across electrochemical reactions, from 
energy devices, such as electrolyzers, to broader 
electrochemical systems. For applications, it informs material 
behavior under practical stressors; for basic science, it captures 
elusive surface states, enhancing understanding of reaction 
mechanisms. This versatility impacts diverse fields—fuel cells, 
electrolyzers, batteries and beyond—by accessing information 
on electrochemical interfaces without bulk interference. As 
catalysis and energy research target sustainable solutions, the 
presented approach ability to capture true surface dynamics 

under operating conditions enable innovation across 
electrochemical technologies, linking basic science discoveries 
to practical challenges in energy conversion and storage system.
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