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Disordered interfacial H2O promotes 
electrochemical C–C coupling
 

Hao Zhang    1, David Raciti    2   & Anthony Shoji Hall    1,3 

There is growing interest in the conversion of CO2 and CO into energy-dense 
multi-carbon products to help mitigate climate change, but guiding 
selectivity remains challenging due to competing pathways. Here we show 
that tuning the structure of interfacial water using highly concentrated 
NaClO4 electrolytes enhances CO electroreduction to C2H4. Increasing the 
NaClO4 concentration from 0.01 to 10 molal increased the CO reduction rate 
18-fold, achieving a Faradaic efficiency of 91% for multi-carbon products at 
−1.43 V versus the normal hydrogen electrode. Temperature-dependent CO 
reduction, combined with surface-enhanced Raman spectroscopy, revealed 
that changes in the interfacial H2O structure correspond to variations in 
the apparent activation enthalpy and entropy for the reduction of CO to 
C2H4. At higher ionic strength, increases in activation entropy were linked to 
disrupted hydrogen bonding and the emergence of non-hydrogen-bonded 
water modes, suggesting that disordered interfacial H2O layers facilitate 
CO reduction to C2H4. These findings offer valuable insights into how 
manipulating the structure of interfacial water can enhance the reduction of 
CO to multi-carbon products.

The electrochemical reduction of CO2 and CO is a promising reaction 
that can enable intermittent renewable electricity to be stored in the 
energy-dense bonds of chemical fuels1,2. Cu is uniquely capable of 
reducing CO to multi-carbon products but faces challenges of high 
overpotentials and poor selectivity, resulting in unwanted by-products 
and the competing reduction of H2O to H2 (refs. 3,4). Strategies such as 
alloying and nanostructuring have improved performance; however, 
the lack of mechanistic insight has led to a continued reliance on empiri-
cal, trial-and-error approaches5,6.

Recent advances in CO2 electroreduction highlight the importance 
of controlling the interfacial microenvironment to enhance selectivity 
towards multi-carbon products. These approaches include lowering 
the water activity, incorporating polytetrafluoroethylene (PTFE) parti-
cles into the catalyst layer and modifying Cu interfaces with molecular 
additives such as N-alkylamines, amino acids, ionic liquids and polymer 
films7–18. In addition, increasing the rate of water dissociation and 
fostering interfacial hydrogen-bonding networks in non-aqueous 
environments have directed selectivity in CO2 reduction19,20. Although 

these methods have been intensively explored for CO2 reduction, their 
adaptation for CO reduction is nascent. So far, CO reduction studies 
have primarily explored the effects of weakly solvated cations, which 
enhance the interfacial electric field intensity, and the modulation of 
pH, which lowers the overpotential4,7,21–23. A comprehensive approach 
to manipulate the interfacial microenvironment to optimize electro-
chemical CO reduction requires a deeper fundamental understanding, 
particularly of the factors that govern the key reaction steps, such as 
C–C coupling. Because Cu electrodes exhibit high surface coverage of 
CO under relevant reaction conditions, CO reduction itself serves as 
an ideal model system to systematically elucidate these mechanistic 
factors.

H2O plays a key role in controlling the characteristics of the 
interfacial microenvironment in aqueous electrolytes24–28. It not only 
solvates ions, which affects their adsorption at the electrode, but can 
also interact with reaction intermediates through hydrogen bonding or 
by modulating the accessibility of active sites7,17,24,29–31. Yet, despite the 
recognized importance of water in electrochemistry, the connection 
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To understand the effect of salt concentration on the formation 
of C2+ products, we performed electrochemical CO reduction on a 
25-nm-thick Cu-coated gas diffusion electrode (GDE; Supplementary 
Fig. 2). The GDE configuration was used to ensure a continuous supply 
of CO to the electrode surface, mitigating limitations associated with 
CO solubility and transport in the bulk electrolyte. As the concentration 
of NaClO4 increased from 0.01 to 10 m (where m represents molality, 
that is, moles solute per kilogram solvent), we observed a substantial 
enhancement in the production of multi-carbon products (C2+) from 
19 ± 3% to 91 ± 7%, respectively, while the formation of H2 systemati-
cally decreased from 74% to 2% (Fig. 1a). The total current density (j) 
monotonically rose from −3 ± 1 to −54 ± 8 mA cm−2 at −1.43 V versus 
the normal hydrogen electrode (NHE) as the ionic strength increased; 
similar trends were observed at other potentials (Fig. 1a and Supple-
mentary Figs. 3 and 4). (Henceforth, all potentials in this paper will be 
referenced to NHE. Additionally, all data are IR-corrected unless stated 
otherwise.) Two distinct regimes of j were observed: initially, j rose 
from −3 ± 1 to −11 ± 1 mA cm−2 as the NaClO4 concentration increased 
from 0.01 to 0.5 m. Following this, j ascended more sharply, rising from 
−11 ± 1 to −54 ± 8 mA cm−2 with further increases in NaClO4 concentra-
tion from 0.5 to 10 m.

Examining the partial current densities for C2+ products ( jC2+) and 
H2 ( jH2) provided insight into the influence of NaClO4 concentration 
on the formation of specific products, clarifying the trends seen in the 
total current density at −1.43 V (Supplementary Fig. 5). As the NaClO4 
concentration increased from 0.01 to 0.5 m, jH2 increased from −2 ± 0.3 
to −5 ± 2 mA cm−2, while jC2+ increased from −1 ± 0.1 to −3 ± 1 mA cm−2. 
Subsequent increases in NaClO4 concentration from 0.5 to 10 m led to 
a systematic suppression of jH2 from −5 ± 2 to −1 ± 0.3 mA cm−2, while 
jC2+ increased from −3 ± 1 to −49 ± 4 mA cm−2, indicating a pronounced 

shift favouring the generation of multi-carbon products. Under these 

between interfacial water and catalytic activity, beyond proton transfer, 
remains poorly understood.

We hypothesize that electrolyte-induced changes to the structure 
of interfacial water substantially impact electrochemical reactivity, 
particularly enhancing multi-carbon product formation through dis-
rupted hydrogen-bonding networks and altered solvation dynamics. 
We propose that highly concentrated electrolytes introduce disorder 
into the structure of interfacial water, creating conditions favourable 
to C–C coupling. To test this hypothesis, we combined electrochemi-
cal measurements, temperature-dependent kinetics and in situ spec-
troscopy to correlate changes in interfacial water structure with the 
activation entropy and product selectivity. Our aim was to provide 
fundamental insights into how electrolyte-driven changes in water 
structure enhance multi-carbon product formation, highlighting 
the broader relevance of entropic contributions in electrochemical 
systems.

Results and discussion
Electrocatalytic CO reduction at steady state
Bulk Raman spectroscopy of the OH stretching vibration can be used 
to ascertain the impact of salt concentration on the structure of bulk 
water, as indicated by changes in the broad band spectrum between 
2,700 and 4,000 cm−1 (Supplementary Fig. 1). The bands associated 
with the symmetric (3,243 cm−1) and asymmetric (3,413 cm−1) vibrational 
modes, which are sensitive to the hydrogen bonding of H2O, decreased 
monotonically as the concentration of NaClO4 was increased32–34.  
A higher-frequency band near 3,570 cm−1 grew in intensity, which was 
attributed to H2O coordination to Na+ and ion pairs35,36. These observa-
tions indicate that the bulk water is disordered, suggesting that similar 
alterations are likely to occur at the interface, which would impact its 
properties at the electrode surface.
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Fig. 1 | Electrochemical CO reduction on a 25-nm-thick Cu-coated GDE.  
a, Faradaic efficiency for EtOH, C2H4, CH4, n-PrOH, CH3COO− and H2 (bar graphs) 
and total current density (blue squares) as a function of NaClO4 concentration 
at −1.43 V versus NHE. b, Electrochemical reduction of CO to C2H4 or C2D4 
in solutions of 0.5, 1, 5 and 10 m NaClO4 with either H2O or D2O as solvent at 
−1.43 V versus NHE. Experiments were conducted in H2O or D2O to explore the 

kinetic isotope effect. c, Capacitance as a function of NaClO4 concentration at 
different potentials. The centres of the error bars represent the average values 
of measurements of three samples under the same conditions. The error bars 
represent the s.d. derived from three repeated measurements, indicating the 
variability of the values. The solid lines are guides for the eye.
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reaction conditions, C2H4 emerged as the dominant product, with its 
Faradaic efficiency increasing from 17 ± 4% to 53 ± 1% as the NaClO4 
concentration rose from 0.01 to 10 m.

To ascertain whether alterations in the water activity (aw), caused 
by high NaClO4 concentrations, influenced the formation of C2+ prod-
ucts, kinetic isotope effect experiments were conducted. These experi-
ments involved varying the concentration of NaClO4 with either D2O 
or H2O as the solvent. We focused on C2H4 as a representative of the 
C–C coupling reaction because it was the primary product of CO reduc-
tion; the detection of deuterated liquid products by NMR spectroscopy 
proved challenging due to insufficient solvent suppression. The partial 
current density of ethylene ( jethylene) was evaluated at 0.5, 1, 5 and 10 m 
NaClO4 in both solvents and was found to be similar, indicating that 
proton transport was not part of the rate-limiting step (Fig. 1b). How-
ever, the partial current density of methane decreased when D2O 
replaced H2O (Supplementary Fig. 6). This suppression is in agreement 
with literature reports that show that protons are involved in the 
rate-determining step in the formation of CH4 (ref. 37). Taken together, 
these results indicate that a lower aw does not play a role in enhancing 
the formation of C2H4 in CO reduction.

Double-layer capacitance measurements (Supplementary Fig. 7) 
were performed to evaluate whether there were any alterations in 
the surface coverage of cations, which would give rise to changes 
in the CO reduction performance via electric field effects38–40. The 
initial regime of current enhancement coincided with a considerable 
rise in capacitance from 0.3 to 0.8 m NaClO4, indicating an increase 
in cation coverage on the electrode surface (Fig. 1c, Supplementary 
Fig. 7 and Supplementary Table 4). Beyond 0.8 m, the double-layer 
capacitance reached a plateau across the potential range, suggesting 
that the steep enhancement in C2+ product formation was not caused 
by increased cation coverage on the electrode surface. Taken together, 
this trend indicates that increasing the ionic strength of the electrolyte 
beyond 1 m steers the CO reduction reaction towards the generation 
of higher-value multi-carbon products and away from the competing 
hydrogen evolution reaction, though this enhancement is unlikely to 
be caused by increased cation coverage on the electrode.

Role of entropy in controlling electrochemical reactivity
To explore the influence of ionic strength on the CO reduction mecha-
nism, we quantified the potential-dependent changes in the logarithm 
of the partial current density for C2H4 production (that is, the Tafel 
slope) for various NaClO4 concentrations >1 m using electrochemi-
cal mass spectrometry (ECMS; Supplementary Figs. 8–11). This tech-
nique offers real-time detection of gaseous products and provides 
a near-continuous relationship with the applied potential, enabling 
highly resolved determination of the current–potential relationship.

To ensure that our measurements were not susceptible to ionic 
strength-dependent variations in surface structure, we evaluated 
the surface structure and area of the electrode before electrolysis 
by OH adsorption via cyclic voltammetry (CV) and electrochemical 
impedance spectroscopy (EIS), respectively, in 0.5 mol l−1 NaOH (Sup-
plementary Figs. 12 and 13). For post-electrolysis analysis, an in situ 
approach was adopted, to maintain the structure of the Cu electrode, 
that enabled the electrolyte to be switched to 0.5 mol l−1 NaOH for 
testing to be performed (Supplementary Figs. 12 and 13). While the 
structure did change during electrolysis, the surface area and structure 
post-electrolysis did not display a dependence on NaClO4 concentra-
tion, indicating that high ionic strength does not influence the surface 
structure of the catalyst.

With surface structure effects ruled out, we next investigated 
whether the observed enhancements in C2+ production were linked 
to changes in the reaction mechanism by evaluating the Tafel slopes 
for C2H4 formation. Across the entire ionic strength range probed in 
this study, the Tafel slopes remained 123.4 ± 2.9 mV dec−1, suggest-
ing that there was no change in the mechanism of C2H4 formation 

(Fig. 2a). These Tafel slopes align with the notion of a rate-determining 
step involving the reductive coupling of two molecules of CO (ref. 5). 
To clarify the mechanism of the rate-determining CO–CO reductive 
coupling, we evaluated the dependence of C2H4 formation on the 
partial pressure of CO and NaClO4 concentration (Supplementary 
Fig. 14). These experiments were designed to distinguish between 
two possible pathways: the Langmuir–Hinshelwood mechanism, in 
which two surface-bound CO molecules react with each other, and 
the Eley–Rideal mechanism, in which a surface-bound CO molecule 
reacts with a CO molecule in solution37. These experiments revealed a 
zero-order dependence of the rate of C2H4 formation when the partial 
pressure of CO (PCO) was greater than 0.6 and the NaClO4 concentration 
was ≥0.8 m (Supplementary Fig. 15). However, the reaction exhibited 
a positive-order dependence below 0.8 m NaClO4, indicating that ion 
adsorption regulates the surface coverage of CO, with values never 
saturating or reaching a zero-order dependence in this regime. This 
suggests that at higher ionic strengths (≥0.8 m), the surface coverage 
of CO is saturated under our reaction conditions, supporting the pre-
dominance of the Langmuir–Hinshelwood mechanism in the CO–CO 
reductive coupling step.

Even though the mechanism remained unchanged, we observed 
clear enhancements in C2H4 formation, evidenced by higher current den-
sities with increasing NaClO4 concentration (Supplementary Fig. 10).  
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This enhancement occurred even though the capacitance of the elec-
trode remained invariant for NaClO4 concentrations >1 m, suggesting 
a limited impact from cation-induced electric field enhancements. 
Instead, we hypothesized that the enhancements in CO reduction stem 
from alterations in the H2O structure induced by the presence of NaClO4 
within the double layer41. To explore this hypothesis, we performed 
temperature-dependent measurements to quantify the apparent acti-
vation enthalpy (ΔH‡) and apparent activation entropy (ΔS‡) of C2H4 
formation at various NaClO4 concentrations (Supplementary Fig. 16). 
To determine both the ΔH‡ and ΔS‡ of C2H4 formation, we analysed the 
temperature-dependent data through the Arrhenius equation (Fig. 2b 
and Supplementary Figs. 17 and 18):

k = Ae−Ea/RT (1)

where k is the reaction rate constant, A is the pre-exponential factor, 
Ea (kJ mol−1) is the activation energy for the reaction, R is the gas con-
stant (8.314 J mol−1 K−1) and T (K) is the absolute temperature. In elec-
trochemical systems, the reaction rate is experimentally observed as a 
current density j, which is proportional to the rate constant k through 
system-dependent proportionality constants:

j = nFkC xa−1 (2)

where n is the number of moles of transferred electrons, F is the Faraday 
constant (96,485 s A mol−1), C (mol cm−3) is the concentration of CO 
raised to its reaction order x and a (cm2) is the electrode area42. There-
fore, current density can be used to extract the activation energy and 
pre-exponential factor by recasting the Arrhenius equation in terms 
of j. After linearizing the equation, the relationship becomes:

log ( j) = log (A) − Ea
R × 1

T (3)

In this form, the pre-exponential factor A carries units of mA cm−2.  
The log of the pre-exponential factor (log(A)) and Ea are correlated 
with ΔS‡ and ΔH‡, respectively, as per the Eyring–Evans–Polanyi 
equation43–46. ΔS‡, in particular, can provide insight into how changes 
in the interfacial solvent structure impact the transition state45. Analo-
gous to thermal catalysis, surface configurational entropy changes 
can result from varying coverage of intermediates on the electrode. 
Here, we assumed that log(A) can be separated into contributions 
from coverage effects and the intrinsic activation entropy. Specifically, 
Ea = ΔH‡ + RT, while log(A) depends on both the surface coverage of 
active sites and ΔS‡ as per the following equation:

log(A) = ΔS‡

R + ln (nFkB
h
Γact) (4)

where kB is the Boltzmann constant (1.38 × 10−23 J K−1), h is Planck’s con-
stant (6.626 × 10−34 J s) and Γact is the surface coverage of active sites. It 
is worth noting that determining log(A) requires a long extrapolation, 
which can introduce significant error47. While some argue that log(A) 
is an artefact, others suggest it can provide meaningful insight48–50. 
Thus, caution is warranted when interpreting log(A) values to ensure 
statistical significance as their accuracy and relevance depend on the 
system and methodology employed.

The CO partial pressure experiments presented in Supplementary 
Figs. 14 and 15 demonstrated that CO reduction exhibited a zero-order 
dependence when PCO exceeded 0.6 for salt concentrations ≥0.8 m, 
indicating that CO adsorption had reached saturation. For NaClO4 
concentrations <0.8 m, the positive reaction orders indicate that the 
reaction rate is influenced by CO adsorption, indicating that the CO 
surface coverage remains below saturation. This shift from a positive 
order to zero order (relative to CO) supports a transition to a state 

where the active site coverage (Γact) remains constant for high ionic 
strengths >0.8 m. Consequently, log(A) is proportional to changes in 
ΔS‡ for NaClO4 ≥ 0.8 m. While we cannot determine the exact value of 
ΔS‡ because we cannot quantify Γact, variations in log(A) can be directly 
correlated with changes in the apparent entropy of the transition state 
(that is, ΔS‡). We determined Ea and log(A) as a function of potential 
for different NaClO4 concentrations, our data showing R2 > 0.90 (Sup-
plementary Table 8).

We determined Eₐ and log(A) for C2H4 formation for various NaClO4 
concentrations and potentials to understand how these parameters 
influence the reaction barrier. For NaClO4 concentrations <1 m, we 
observed a decrease in Ea with increasing salt concentration (Supple-
mentary Fig. 19). This observation, together with the positive reaction 
orders and increases in capacitance with increasing salt concentration 
(low ionic strengths <1 m), suggests that ion adsorption plays a role in 
regulating CO surface coverage. This is consistent with other reports 
that highlight the influence of ion adsorption on the surface coverage of 
intermediates and the magnitude of the interfacial field51,52. Therefore, 
changes to the surface coverage of intermediates, as well as increases 
in the local electric field intensity with increasing ionic strength from 
0.1 to ~1 m, promote CO reduction. As this behaviour is specific to ionic 
strength <1 m, we do not discuss this range further in this study.

In contrast, for NaClO4 concentrations above 1 m, both Eₐ and 
log(A) systematically increased with rising salt concentration, showing 
that the observed enhancements in jC2H4 were not due to a decrease in 
ΔH‡ (Fig. 3 and Supplementary Figs. 20 and 21). Instead, the increase 
in ΔS‡ (reflected in log(A)) was responsible for the enhanced reactivity 
with increasing salt concentration.

When examining the effect of overpotential, we observed that 
increasing the overpotential (more negative potential) beyond −1.2 V 
lowered both Eₐ and log(A) at a fixed ionic strength (Supplementary 
Fig. 20). Interestingly, analysis of the contour plots revealed an inter-
esting dependence when both the ionic strength and potential were 
considered. By tracking the isolines, we can see that Ea and log(A) 
are relatively constant up to a specific ‘critical potential’ (between 
1.4 and 1.35 V). This ‘critical potential’ shifts to less negative values as 
the NaClO4 concentration increases, suggesting that ionic strength 
modulated the onset of this behaviour. Beyond this ‘critical potential’, 
the isolines for both Eₐ and log(A) shifted steeply upwards towards 
higher salt concentrations. In the region negative of the ‘critical poten-
tial’, where the isolines steepen, the sensitivity of Eₐ and log(A) to salt 
concentration was diminished relative to the region below the ‘critical 
potential’. In the lower overpotential region, where the isolines were 
flatter, both parameters exhibited a stronger dependence on ionic 
strength, highlighting that the sensitivity to salt concentration is more 
pronounced. Taken together, these observations indicated that the 
ionic strength exerts a marked effect on the rate of C–C coupling, 
particularly through its impact on the entropic contribution to the 
reaction barrier. Ultimately, although Eₐ increased with higher salt 
concentrations, the concurrent rise in ΔS‡ outpaced that of ΔH‡, lead-
ing to a lower apparent activation free energy (ΔG‡) and, consequently, 
enhanced reaction rates for C2H4.

Interfacial spectroscopy reveals water disordering
We hypothesized that the increase in ΔS‡ was caused by a disruption 
of the H2O structure induced by a high concentration of ions within 
the double layer, which will alter the interactions of H2O with key 
CO-based adsorbates. To test this hypothesis, we examined the struc-
ture of interfacial H2O using shell-isolated nanoparticle-enhanced 
Raman spectroscopy (SHINERS) under CO reduction conditions while 
varying the NaClO4 concentration (Supplementary Fig. 22). SHINERS 
is a surface-sensitive measurement technique that relies on surface 
plasmon resonance, where the electric field decays exponentially 
with distance from the interface53,54. This decay allows us to selectively 
probe the interfacial layer with minimal interference from the bulk 
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solution53,54. The OH stretching modes of water molecules, ν(O–H), pro-
vide insight into the hydrogen-bonding network among H2O molecules, 
allowing us to determine the extent to which ions and the interfacial 
electric field disrupt this network55.

The transition in H2O structure as a function of NaClO4 concentra-
tion is most effectively visualized through a difference spectra, where 
the spectrum acquired at a potential slightly above the potential of zero 
charge (−0.5 V) is subtracted from spectra collected at more negative 
potentials (Fig. 4a and Supplementary Fig. 23). In Fig. 4a, −1.11 V was 
chosen because it corresponds to the onset of C2H4 formation. The 
use of difference spectra enhances this analysis by isolating changes 
in ν(O–H) from shifts in potential at the electrode surface for a specific 
concentration, effectively removing contributions from bulk ν(O–H). 
The difference spectra clearly show that interfacial hydrogen bonding 
is systematically diminished with increasing NaClO4 concentration, 
as evidenced by the systematic suppression of the low-frequency 
ν(O–H) modes at 3,300 and 3,400 cm−1, which are indicative of strongly 
hydrogen-bonded H2O molecules32,33,56. These modes decrease in inten-
sity as the hydrogen-bonding interactions between H2O molecules 
weaken, leading to a strengthening of the OH oscillator and a conse-
quent blueshift in the spectral peaks. Concurrent with this decline in the 
hydrogen-bonding modes, the intensity of ν(O–H) increases >3,450 cm−1;  
these bands correspond to ‘dangling bonds’ or ‘free OH bonds’ of 
water molecules that are energetically uncoupled from the adjacent 
OH bond of nearby H2O molecules. Specifically, the bands centred 
at ~3,550 and ~3,630 cm−1 correspond to H2O coordinated to Na+ and 
H2O with one non-hydrogen-bonded OH group, respectively. Notably, 
the band at ~3,550 cm−1 reaches close to its maximum intensity when 
the salt concentration increases from 1 to 2 m, indicating an abrupt 
change in water structure between these concentrations. The mode 
at 3,700 cm−1 is particularly interesting because it is usually observed 
at water–hydrophobic interfaces35,36,57. CO-covered Pt surfaces are well 
documented to be hydrophobic; therefore, it is possible that the CO 
adlayer on the Cu electrode serves as a hydrophobic interface58. The 
decrease in hydrogen bonding between interfacial H2O molecules 
suggests that the water layer becomes less ordered as the NaClO4 
concentration rises. The increasing disorder of interfacial water with 
higher NaClO4 concentrations leads to an increase in ΔS‡, as indicated 
by the increase in log(A) (Fig. 3).

The potential-dependent changes in water structure corroborate 
our main findings, as spectral evidence confirms a systematic decrease 
in hydrogen bonding and an increase in water disorder with rising 
NaClO4 concentration35,36,57,59. For instance, with 1 m NaClO4, there is a 
concentration-dependent increase in strongly hydrogen-bonded water 

molecules near the electrode as the potential was swept more nega-
tively (Fig. 4b). This increase was likely caused both by increases in the 
density of water near the interface as well as by dipole re-orientation, 
where the hydrogen atoms are canted towards the electrode, which is 
consistent with previous observations at Ag and Au electrodes60,61. Con-
versely, for 10 m NaClO4, the growth of non-hydrogen-bonded water 
modes suggests that hydrogen bonding is effectively suppressed at 
higher salt concentrations (Fig. 4c), thus leading to increased entropy32. 
These non-hydrogen-bonded H2O modes, in particular, the free OH 
mode, systematically increased in intensity at 1 m NaClO4, but neces-
sitated more negative potentials compared with higher NaClO4 con-
centrations, appearing at −1.1 V. In contrast, free OH can be detected at 
potentials as low as −0.85 V in 10 m NaClO4. Interestingly, we observed 
a monotonic decrease in the onset potential of the free OH vibrational 
mode with increasing NaClO4 concentration (Supplementary Figs. 24 
and 25). Similarly, a consistent decrease in the onset potential of C2H4 
formation was observed; specifically, the onset potential of the free 
OH mode preceded the onset of C2H4 formation by approximately 
200–300 mV (Supplementary Fig. 25). This correlation highlights that 
the formation of non-hydrogen-bonded H2O modes and an increase in 
interfacial water disorder are crucial for the formation of C2H4.

Conclusions
In this study, we systematically explored how changes to the interfacial 
water structure, imparted by concentrated NaClO4 electrolyte solution, 
selectively enhance the conversion of CO into multi-carbon products. 
An optimized NaClO4 concentration of 10 m enabled us to reach a total 
current density of −54 ± 8 mA cm−2 with a Faradaic efficiency of 91 ± 7% 
for multi-carbon products (C2H4, EtOH, acetate and n-PrOH) at a moder-
ate potential of −1.43 V versus NHE (around −0.8 V versus the reversible 
hydrogen electrode (RHE)) on a 25-nm-thick Cu-coated GDE. Increased 
NaClO4 concentration led to an 18-fold enhancement in the current 
density of multi-carbon products, while CH4 and H2 formation were 
simultaneously suppressed. We found that the reduction of CO to C2H4 
is rate-limited by electrochemical C–C bond formation (by the Lang-
muir–Hinshelwood mechanism), and that this step is not dependent 
on proton transfer. Through a combination of temperature-dependent 
CO reduction and in situ SHINERS, we correlated the disorder of the 
interfacial water structure with increases in the apparent activation 
entropy (ΔS‡) of the reaction, suggesting that disordered interfacial 
water facilitates the electrochemical reduction of CO to multi-carbon 
products. It is worth noting that ΔS‡ is not equivalent to the entropy of 
the water molecules, but the entropy of the transition state for C2H4 
formation. This study has shown that the structure of interfacial water 
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has an important impact on modulating the kinetics of electrochemi-
cal C–C coupling.
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Methods
Materials
The following materials were used: sodium perchlorate hydrate 
(NaClO4·xH2O, 99.99% trace metals basis containing the following 
heavy metals: barium <0.1 ppm (mg g−1)), calcium <0.1 ppm, magne-
sium <11.2 ppm, potassium <4.1 ppm, lithium <0.3 ppm and rubidium 
<0.2 ppm, Sigma-Aldrich), CO (research grade 99.999%, Airgas), argon 
(≥99.9999%, Praxair), deuterium chloride solution (35% mass fraction in 
D2O, ≥99 atom% D, Sigma-Aldrich), deuterium oxide (D2O, 99.9%, Cam-
bridge Isotope Laboratories), dimethylsulfoxide (DMSO; Sigma-Aldrich), 
sodium hydroxide monohydrate (NaOH·H2O, traceSELECT ≥99.999%, 
Honeywell), perchloric acid (HClO4, 70%, Veritas Double Distilled, GFS 
Chemicals), copper pellet (Cu, 99.999% pure, Kurt J. Lesker), gas diffusion 
layer with a microporous layer (Freudenberg H15C13), Nafion perfluori-
nated membrane (Nafion 117), leakless Ag/AgCl electrode (eDAQ) and 
platinum foil (Pt, 99.99% trace metals basis, Alfa Aesar).

Raman spectroscopy of NaClO4 electrolyte solutions
A LabRam HR Evolution spectrometer equipped with a 633-nm He–Ne 
laser source in backscattering configuration and a ×60 immersion lens 
objective was used to obtain Raman spectra of different concentrations 
of bulk NaClO4 electrolytes. Each window of the spectrum was acquired 
using an 1,800 lines mm−1 grating and a 2.54 cm charged coupled device 
detector (1,024 × 256 channels) with an acquisition time of 60 s (Sup-
plementary Fig. 1).

pH and pD measurements of the NaClO4 electrolyte
The pH and pD of different concentrations of bulk NaClO4 electrolytes 
were measured following our previous acid titration procedure9. The 
pH of bulk electrolytes at room temperature was also tested using pH 
strips (Macherey-Nagel, 92125); the pH range was similar to the pH 
values obtained by the acid titration method (Supplementary Table 2). 
The concentration of each NaClO4 electrolyte solution was measured 
using a solid-state pH combination probe (pH Sensor InLab Expert 
Pro-ISM51) before electrocatalysis. All pH and pD measurements were 
conducted in an ice or hot-water bath (temperature-controlled hot 
plate with a temperature controller (Corning 6795 PR)) by acid titra-
tion at six different temperatures (8, 12, 24, 28, 34 and 40 °C). A small 
amount of concentrated HClO4 or DCl, respectively, was added to the 
electrolyte to obtain the potential response from the pH meter. The 
amount of acid added to the solution was determined gravimetrically. 
The following formula was used to determine the pH and pD of the 
solutions9 (Supplementary Tables 2, 3 and 7):

Etest − Eref =
RT
F ln |γtestmtest| −

RT
F ln |γrefmref| =

RT
F ln |||

γtestmtest
γrefmref

||| (5)

where Etest (V) is the potential reading from the pH meter before add-
ing the acid, Eref (V) is the potential reading from the pH meter after 
adding the acid, R is the gas constant (8.314 J mol−1 K−1), T (K) is room 
temperature, F is the Faraday constant (96,485 s A mol−1), mi (mol) is 
the proton concentration of the electrolyte in solution i and γi is the 
activity coefficient of solution i. The liquid junction potential was omit-
ted as a solid-state reference probe was used. The junction potential 
must be accounted for if there are liquid–liquid junctions present. The 
errors were determined on the basis of three repeat measurements. 
The amount of Na+ was much higher than the amount of acid added 
to the solution; therefore, it was assumed that γtest = γref. The pH of the 
solution was estimated from –log(mref). A limitation of this method 
is that we must assume that the activity coefficient of the protons in 
the highly concentrated electrolytes is 1. Another limitation is that 
this method does not work if there are buffers present in the solution. 
Several titration points must be measured to verify that the potential 
exhibits a Nernstian change, which will indicate that buffering species 
are not present9.

To obtain the pH of NaClO4 in the temperature range of 8–40 °C, 
a linear extrapolation was conducted for the six measured tempera-
tures and a linear function was used to estimate the pH value at a spe-
cific temperature. All potential values in this work were calculated 
on the basis of the pH and pD values derived by the titration method  
(Supplementary Tables 2, 3 and 7).

Calibration of the reference electrode
The Ag/AgCl reference electrode was calibrated for each concentration 
of NaClO4 electrolyte at different temperatures, as shown in Supplemen-
tary Tables 2, 3 and 5. A clean electrochemical cell, glass bubbler, clean Pt 
mesh and stir bar were used in each experiment. For each temperature 
calibration, the electrochemical cell was submerged in either an ice or 
hot-water bath with a temperature-controlled hot plate and a tempera-
ture probe (Corning 6795 PR). Each electrolyte was pre-saturated with 
H2 and equilibrated at the targeted temperature for at least 30 min. The 
open circuit potential was taken to be 0 V versus RHE. At least six differ-
ent temperatures in the range of 8–40 °C were measured and a linear fit 
was used to determine the calibration value at a specific temperature. 
All NHE values at each temperature in this work were calculated on the 
basis of the calibrated values of the reference electrode to account for 
the junction potential and reference electrode drift.

EIS measurements
A Metrohm Autolab system equipped with an EIS module was used to 
conduct the EIS experiments and potentials were measured from −1.05 
to −1.35 V versus NHE. A copper disk with an area of 0.1965 cm−2 was first 
mechanically polished, followed by an electropolishing step with con-
centrated phosphoric acid and a clean Pt mesh as the counter electrode 
for 10 min at 1.65 V versus Pt. The disk was rinsed thoroughly with puri-
fied water (Millipore) and dried under Ar before each measurement.

The NaClO4 electrolyte was pre-saturated with CO by bubbling CO 
directly into the bulk solution at a flow rate of 40 ml min−1 for 30 min 
before each run. A leakless Ag/AgCl electrode (eDAQ) was used as the 
reference electrode and a graphite rod was used as the counter elec-
trode. In each experiment, the copper disk was first subjected to three 
voltammetry cycles from 0 V versus the open circuit potential to −1.3 V 
versus Ag/AgCl at a sweep rate 100 mV s−1. The CV cycles were followed 
by a potentiostatic pre-conditioning step at each perspective applied 
potential of the run for 60 s. Afterwards, EIS was performed in the range 
of −1.05 to −1.35 V versus NHE to avoid bubble formation and discharge 
of the capacitor from Faradaic processes at more negative potentials. 
The frequency ranged from 100 kHz to 1 Hz and a 10 mV amplitude was 
used. The double-layer capacitance (DLC) was calculated from the EIS 
data as follows9,42,62,63:

DLC = (R1−N2 × CPE)1/N (6)

where R2 (Ω) is the charge transfer resistance, CPE is the constant-phase 
element and N is the fitting parameter. Each element was fitted using 
the RelaxIS software (RHD Instruments) with the fitting circuit shown 
in Supplementary Fig. 7h. A semicircle was observed in the Nyquist plot, 
indicating that the capacitance was coupled with the resistance. In this 
case, the CPE was paired with the charge transfer resistance to describe 
this complex system. The behaviour of the capacitance was not ideal 
due to the inhomogeneity of the current density, the concentration gra-
dients of the products or the surface roughness of the electrodes42,62.

Electrochemical methods. Before electrolysis, CV was conducted on 
each sample to pre-reduce the surface oxide. The potential was scanned 
from −0.9 to −1.8 V versus Ag/AgCl at a scan rate of 100 mV s−1 for three 
cycles. The uncompensated resistance (Ru) was determined using EIS 
(Supplementary Table 3) and 80% of Ru was applied at each potential 
for all measurements in this study, unless stated otherwise. The final 
potential was iR-corrected by the uncompensated resistance.
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Electrode potentials were converted to the RHE scale using the 
following equation:

ERHE = EAg/AgCl + 0.205 + 0.0591 × pH +∅j (7)

where ∅j  is the junction potential, EAg/AgCl is the measured potential 
versus the Ag/AgCl reference electrode and ERHE is the resulting poten-
tial versus RHE which was determined when calibrating the reference 
electrode, as described above.

Electrode potentials were converted to the NHE scale using:

ENHE = ERHE − 0.0591 × pH (8)

where ENHE is the resulting potential versus NHE. The Faradaic efficiency 
(FE, %) for a specific product was calculated using:

FE = ZnF
Q × 100 (9)

where Z is the number of electrons exchanged to form a specific prod-
uct from the reduction of CO, n is the number of moles of the product, 
F is the Faraday constant and Q is the total charge passed during elec-
trocatalysis. All data reported in this Article were collected by repeating 
each measurement on a fresh sample at least three times.

Product detection at constant potential electrolysis. Gaseous 
reaction products were analysed using a Shimadzu GCMS-QP2020 
SE gas chromatograph–mass spectrometer (GC–MS). The instru-
ment combines a single quadrupole mass spectrometer with a gas 
chromatograph (GC-2010 Plus). For gas separation, an Rt-Q-bond 
column (Restek, 30 m with an inner diameter of 0.25 mm) was used. 
Analysis was performed at 25 keV with the protection function turned 
off to allow for the detection of H2 at m/z = 2. Gaseous products were 
collected every 10 min by directly venting the gas from the gas flow 
field of the working electrode of the GDE into the GC–MS. The total 
flow into the gas chromatograph was 10 ml min−1 (3 ml min−1 into the 
GDE and 7 ml min−1 to dilute the gas) at a back pressure of −0.26 psi 
(1 psi = 6,894.76 Pa).

Liquid products were analysed by NMR spectroscopy (Bruker 
400 MHz) using DMSO (Sigma-Aldrich) as the internal standard, and 
D2O to lock the magnetic field. One-dimensional 1H NMR spectra were 
measured via water suppression by a pre-saturation method, and all 
peak positions were shifted relative to the standard peak of DMSO 
(Supplementary Fig. 4).

Isotopically labelled water experiments. NaClO4 solutions with con-
centrations of 0.5, 1, 5 and 10 m were prepared by mixing an appropriate 
amount of salt with H2O or D2O. Experiments were conducted using a 
25-nm-thick Cu-coated GDE at −1.43 V versus NHE at room temperature. 
Experiments were repeated three times.

Tafel slope calculation. Tafel slopes represent the relationship 
between the overpotential and the logarithmic change in the current 
density. Here, Tafel slopes were calculated for each product from the 
partial current density using the following equation:

Tafel slope = dE
d(log j) (10)

where E (V) is the iR-corrected applied overpotential versus NHE and  
j (mA cm−2) is the partial current density for a specific product. All data 
were collected on 25-nm-thick Cu-coated GDEs.

Calibration and validation of the ECMS instrument. Calibration 
curves were generated for ECMS using mixtures of H2, C2H4, CH4 and CO.  

The calibration was conducted following a similar procedure to the 
ECMS linear sweep voltammetry (LSV) experiments (see below), with 
the calibration performed from low to high concentrations to emulate 
any possible changes in MS sensitivity as the gas composition changed. 
Gas compositions during the calibration and LSV were kept below 
10% to mitigate changes in MS sensitivity. H2, CH4, C2H4 and CO were 
monitored at 2, 15, 27 and 28 atomic mass units (amu), respectively. 
Alicat (see ‘Acknowledgements’) mass flow controllers, calibrated for 
each specific gas, were used and controlled with the Alicat FlowVision 
software, enabling automated transitions in flow rate. Supplementary 
Fig. 8a shows the MS calibration signals for each product and Supple-
mentary Fig. 8b demonstrates the linear fit to the averages for each 
concentration step in Supplementary Fig. 8a.

Given the relatively unexplored territory of using the electrochem-
ical mass spectrometer produced by Spectroinlets (see ‘Acknowledge-
ments’) for quantitative measurements, verification of its capability 
was conducted and confirmed. The first verification method used 
was water electrolysis, which required calibration of H2 with Ar as the 
carrier gas (Supplementary Fig. 9a). LSV was performed on the 25-nm 
Cu gas diffusion layer sample, nominally resulting in solely hydrogen 
evolution, although trace O2 was observed. After removal of a nominally 
mass transport-limited oxygen reduction reaction (ORR) current, 
above ~40 μA cm−2, we observed near 100% selectivity when converting 
the H2 determined by MS to current (Supplementary Fig. 9b,c). Below 
50 μA cm−2, sensitivity below 100% was observed. This might be due to 
fluctuations in the ORR current, but more importantly we observed a 
drastic increase in the noise for the selectivity, indicating the limits of 
the sensitivity of the mass spectrometer.

A second method for the verification of the quantitative capabil-
ity of the electrochemical mass spectrometer involved performing 
charge analysis of the LSV experiments (Supplementary Fig. 11). In 
brief, even though the total selectivity cannot be presented as a func-
tion of potential, the total charge measured over the course of LSV 
can be compared with the charge required for all products. While gas 
quantification occurs dynamically with time, the liquid products in 
solution are limited to being analysed by NMR spectroscopy after 
completion of LSV. Nevertheless, the conversion to charge enables a 
one-to-one comparison between products measured by MS or NMR 
spectroscopy and charge measured with the potentiostat. Selected 
LSV scans at room temperature for varying NaClO4 concentrations 
are presented in Supplementary Fig. 10. In general, 95 ± 2% recovery 
of the charge measured with the potentiostat was achieved via the 
products measured. The deviation from 100% can be explained by 
products not measured, including those of the parasitic ORR. In addi-
tion, double-layer events may also contribute at lower overpotentials 
where Faradaic reactions are minimal.

Temperature-controlled ECMS LSV. ECMS was used to track the 
continuous evolution of gaseous products from the GDE during LSV 
performed at a sweep rate of 1 mV s−1 (Biologic). In these measurements, 
the outlet of the gas channel was connected to a custom-designed inlet 
connected to the electrochemical mass spectrometer (Spectroinlets) 
for a real-time analysis of gaseous products in the effluent gas stream. 
The copper-coated GDE was first pre-reduced from −0.9 to −1.8 V versus 
Ag/AgCl at a sweep rate of 100 mV s−1 for three cycles; 80% of Ru was 
applied for each LSV scan and the final potential was iR-corrected by the 
uncompensated resistance. During LSV, the peaks at 2, 15 and 27 amu 
were turned on in the mass spectrometer to enable the real-time detec-
tion of H2, CH4 and C2H4, respectively. For each temperature-controlled 
ECMS experiment, the GDE was tuned to temperatures between 8 and 
40 °C by submerging the cell in a salt–ice–water mixture (tempera-
tures below room temperature were controlled by the amount of salt 
added to the ice–water mixture) or a hot water bath (controlled by a 
proportional–integral–derivative temperature-controlled hot plate, 
Corning). A thermocouple (OMEGA) was inserted directly into the 
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working electrode chamber of the GDE to monitor the temperature 
during the catalysis in real time using OMEGA Data acquisition and 
Control Software.

Characterization of the copper surface structure. Hydroxide adsorp-
tion was used to probe structural features of the Cu electrode pre- 
and post-electrocatalysis in 0.5, 1, 5 and 10 m NaClO4 (refs. 64–66) 
(Supplementary Fig. 12). For pre-catalysis Cu samples, 0.5 mol l−1 
NaOH (pre-saturated with Ar) was used as the electrolyte in the GDE 
under Ar gas. The sample was pre-reduced by sweeping three times 
from −1.0 to −1.8 V versus Ag/AgCl at a scan rate of 100 mV s−1. The 
pre-catalysis Cu sample was then swept three times from negative 
to positive potentials (−1.4 to 0.55 V versus Ag/AgCl) at a scan rate of 
20 mV s−1. The post-catalysis Cu sample was treated according to the 
CO reduction reaction (CORR) electrochemical method, described in 
the ‘Temperature-controlled ECMS LSV’ section, with various concen-
trations of NaClO4. After applying a terminal LSV potential of around 
−1.75 V versus Ag/AgCl, the Cu electrode was held at −1.4 V versus Ag/
AgCl and the gas was switched from CO to Ar. At the same time, the elec-
trolyte in both the counter and working electrode compartments was 
exchanged with >50 ml of fresh 0.5 mol l−1 NaOH (pre-saturated with Ar) 
using a peristaltic pump (MasterFlex) until the pH of the outlet solu-
tion reached ~13.69. After replacing the NaClO4 with NaOH, hydroxide 
adsorption and EIS measurements were taken (see below for details). 
For the hydroxide adsorption measurements, CV was performed from 
−1.4 to 0.55 V versus Ag/AgCl at a scan rate of 20 mV s−1.

EIS was performed to measure the DLC of the Cu electrode before 
and after electrocatalysis in the GDE under Ar (Supplementary Fig. 13). 
A Biologic potentiostat with an EIS module was used to conduct the EIS 
experiments at a potential of −0.6 V versus Ag/AgCl. EIS data were col-
lected for a frequency range of 100 kHz to 10 Hz at an amplitude of 10 mV. 
The collected EIS data were then converted from an impedance plane 
(−Z″ versus Z′) to the complex capacitance plane (−C″ versus C′) using 
RelaxIS software (RHD Instruments) using the following conversion:

̂C = 1
iω ̂Z

(11)

where ̂C  is the capacitive plane, ω is the angular frequency and ̂Z  is the 
impedance plane. The equivalent circuit consists of a CPE and the 
Cole–Cole capacitance unit in parallel (Supplementary Fig. 13a). This 
allows a better description of the capacitive interfacial processes and 
direct fitting of the capacitance values of the system67.

ECMS partial pressure experiment. The partial pressure of 
CO (PCO) was measured at room temperature (Supplementary 
Figs. 14 and 15) following the same method as described above in the 
‘Temperature-controlled ECMS LSV’ section, but with the gas flow at 
the inlet changed to a mixture of CO and Ar with a total flow rate of 
5 ml min−1. LSV was performed at PCO values ranging from 0.05 to 1 
with the peaks at 2, 15 and 27 amu turned on in the mass spectrometer 
to enable the real-time detection of H2, CH4 and C2H4, respectively.

SHINERS experiments. In situ SHINERS measurements were con-
ducted in a custom thin-layer flow cell (Supplementary Fig. 20). A 5-mm 
polycrystalline Cu disk was used as the cathode, an Ir wire was used as 
the anode and a leakless Ag/AgCl electrode (eDAQ) was used as the 
reference electrode for all measurements. Before the experiments, 
the 5-mm Cu disk was polished with 50-nm alumina and mounted on a 
custom Raman cell such that the disk was flush with the top surface of 
the cell. A custom adapter was connected to the Raman cell to enable 
electropolishing with concentrated phosphoric acid at 1.6 V versus a 
Pt electrode. With the Cu facing upwards, the disk was electropolished 
for 20 min. Afterwards, the disk was rinsed with copious amounts of 
18.2 MΩ H2O and dried under Ar. The electropolishing adapter was 

then removed. A 2 µl drop of Au@SiO2 solution was drop cast onto the 
electropolished Cu surface and dried under a gentle stream of Ar in an 
enclosed container. After fully drying the 5-mm Cu surface, the sample 
was rinsed again with copious amounts of 18.2 MΩ H2O and dried under 
Ar. Finally, a 0.4-mm patterned PTFE gasket and optical-grade fused 
silica coverslip were screwed on top of the custom Raman cell. The 
thickness of the gasket controls the thickness of the thin electrolyte 
layer. The width of the channel was ~7 mm, equal to the outer diameter 
of the PTFE U cup.

Meanwhile, the NaClO4 solution to be used for the Raman measure-
ments (typically ~40 ml) was freshly prepared. The solution was purged 
under a positive pressure with 50 ml min−1 Ar for 30 min, observed via 
an external bubbler, and then with between 10 and 20 ml min−1 of CO 
for 30 min before being withdrawn at a CO flow rate of 20 ml min−1 into 
a gas-tight PTFE/glass syringe. After fully withdrawing the solution from 
the purging apparatus, a small bubble of pure CO was introduced into 
the syringe to ensure continued CO saturation, and the syringe was 
completely sealed until connected directly to the Raman cell.

The Raman cell and syringe were connected via a 1.6 mm PTFE tube 
with 10–24 polyether ether ketone connectors. The cell was filled with 
care to avoid residual gas bubbles. A potential of −0.5 V versus NHE was 
applied immediately after completely filling the cell to minimize the 
oxidation of the 5-mm Cu electrode. After filling, the flow rate was set 
to 0.1 ml min−1 for the duration of the measurements, unless removing 
bubbles formed at the working electrode surface, in which case brief 
spikes in flow rates were used to displace the bubbles from the thin 
layer. Although a membrane was not used in the electrochemical cell, O2 
produced at the anode was mitigated by placing the counter electrode 
downstream of the working electrode in a 3.175-mm channel such that 
convection of the fluid would counter the diffusion of O2 to the work-
ing electrode and be carried out via the effluent into the waste beaker. 
To combat non-ideal current distribution, the reference electrode was 
placed on the opposite side of the 0.4-mm layer and a high frequency 
shunt (0.1 µF capacitor) was connected between the reference and 
counter electrodes. Before Raman measurements, the 5-mm Cu disk was 
cycled several times from −0.5 to −1.2 V versus NHE until a stable cyclic 
voltammogram was produced indicating reduction of surface copper 
oxide. Afterwards, Raman spectra were collected using a 633-nm He–Ne 
laser (100% power) and 1,800 lines mm−1 grating every 50 mV from −0.5 
to −1.25 V versus NHE, with the exception of experiments performed 
with 3 and 5 m NaClO4. Each potential was set for ~1 min before collect-
ing spectra centred at ~3,400 cm−1. Twenty-four individual locations 
separated by 6 µm in the x direction and 12 µm in the y direction were 
analysed using four accumulations with an acquisition time of 1 s each 
with a ×100 long working distance objective (laser spot of ~1 µm). The 
region interrogated via the 633-nm laser was chosen specifically to mini-
mize Au@SiO2 particle–particle interactions, as detailed previously. 
Before each experiment, the Raman spectrometer was calibrated to a Si 
standard. Spectra were processed using Wire 5.3 with the implementa-
tion of routine cosmic ray removal and linear subtraction of the baseline.

Data availability
All the data that support the findings of this study are available within 
the paper and its Supplementary Information. Source data are provided 
with this paper.
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