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% Check for updates Next-generation techniques for sustainable carboxylate production generate

carboxylate salts as the primary outcome. To circumvent the costly conversion
of carboxylate salts to acids, we demonstrate the aqueous (non-)Kolbe elec-
trolysis process as an alternative strategy to generate downstream value-
added chemicals. Upon revealing the irreversible oxidation-induced charge
transfer inhibition on the graphite anode, we propose an anion intercalation
strategy to mitigate the stability problem induced by the ever-increasing
overpotential. In acetate decarboxylation, we observe a high Faradaic effi-
ciency of ~95% for non-Kolbe products (methanol and methyl acetate) at wide
current densities ranging from 0.05 to 1A cm™ and long-term stability at
current densities of 0.15 and 0.6 A cm™ for 130 and 35 h, respectively. We also
extended this strategy for the upgrading of long-chain carboxylates such as
propionate, butyrate, and succinate. Our work provides valuable guidance for

carboxylate upgrading and extendable strategy for overcoming passivation
challenges in catalysis.

In recent years, there has been significant progress in the production
of carboxylate salts, which are generated primarily through
sustainable processes such as carbon dioxide and carbon monoxide
(CO,) electroreduction'?, waste plastic degradation®*, and biomass
conversion®. Although there have been notable advancements in the
production of carboxylates, the transformation from salt to acid
remains an energy-intensive process, which could undermine the goal
of achieving a carbon-neutral cycle®. Concurrently, various thermal”?,
electrochemical®, and photochemical™? methods for the catalytic
upgrading of carboxylate salts or carboxylic acids have undergone
rapid development. Among these, electrochemical methods are par-
ticularly noteworthy due to their mild operation conditions, high
efficiency, and integration with renewable energy sources™*. The
electrochemical transformation of carboxylic acids, widely recognized

as Kolbe electrolysis, can be traced back to the 19" century™'°, In this
process, the carboxylates lose electrons at the anode, forming alkyl
radicals. These active radicals either dimerize to Kolbe products
(paraffin) or undergo further oxidation to carbocations, leading to the
production of valuable non-Kolbe products such as olefins, alcohols,
and esters””"’, Despite extensive research spending over a century, the
applications of this reaction remain limited due to its strictly restricted
solvation conditions and inevitable stability challenges** .

For a sustainable future, developing an efficient strategy to direct
non-Kolbe electrolysis in aqueous electrolytes to upgrade the car-
boxylates produced via green chemistry routes is attractive. Although
several studies have investigated aqueous phase non-Kolbe electro-
lysis using carboxylate salts as reactants, they have encountered
challenges such as low Faradaic efficiency and diminished reactivity
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toward the desired products, particularly when employing graphite
anodes™ %, It has also been reported that the involvement of anions
could lead to a notable decrease in electrolysis efficiency”. Another
problem for the anode reaction lies in the stability of the catalyst
materials. A high potential of more than 2V vs. RHE is required for
sufficient coverage of alkoxy or alkyl radicals to inhibit solvent
oxidation®®. These substantial overpotentials can result in metal dis-
solution or passivation of the catalytically active surfaces®>*. Promis-
ing erosion-resistant carbon-based catalysts such as boron-doped
diamond (BDD) also suffer boron leaching and the graphitization of
carbon at the grain boundaries during the decarboxylation process,
especially at high operation current densities®. Crucially, there is a lack
of effective solutions to these stability issues, and the underlying
mechanisms have not yet been fully elucidated. The regulation of
electrolysis patterns, such as the adoption of square-wave polarization,
offers another promising way to resolve activity or stability issues and
has already been successfully demonstrated in various reactions****’,
However, these strategies may lead to potential risks in the over-
hydrogenation of the produced alkene products and energy loss
during the charge- discharge cycles®. The pursuit of understanding
and overcoming these challenges is essential for advancing the field of
carboxylate electrolysis.

Herein, we report an efficient anion intercalation strategy to
increase the efficiency and stability of carboxylate upgrading via
aqueous non-Kolbe electrolysis. Using acetate decarboxylation as a
model system and employing graphite as the anode catalyst, we first
conducted a thorough investigation of catalyst deactivation using
spectroscopic techniques. Our findings indicated that irreversible
oxidative damage to the graphite surface blocked the active sites and
hindered electron transfer, thus inducing a significant increase in
overpotential and a rapid decrease in both selectivity and activity.
Then, we implemented an anion intercalation strategy, specifically by
introducing perchlorate ions into the electrolyte. Remarkably, this
intercalation method resulted in an extraordinarily high FE of ~95% for
the generation of non-Kolbe products (methanol and methyl acetate)
at wide current densities ranging from 0.05 to 1A cm™. Furthermore,
the intercalated graphite exhibited long-term stability at 0.15 and
0.6 Acm™ over 130 and 35 h, respectively. The intercalation of per-
chlorate ions preserved the electron transfer capabilities of graphite,
leading to sustained and superior catalytic performance. In-situ spec-
troscopic studies revealed that perchlorate modulates both the
adsorption and local concentration of acetate on the surface, thereby
promoting alcohol production. Additionally, we observed long-term
preservation of the initial catalytic activity across a variety of multiple
carboxylates, including propionate, butyrate, succinate, and levulinate
decarboxylation, upon the introduction of perchlorate ions. This
confirms the broad potential and versatility of our intercalation
strategy.

Results and discussion

Unraveling the deactivation mechanism of the anode catalyst
To determine the cause of deactivation during the aqueous non-Kolbe
reaction, we employed acetate decarboxylation as a prototypical
reaction and selected graphite as the anode catalyst due to its wide-
spread use. The reaction parameters were carefully tuned, and a three-
electrode flow cell was used as a reactor to avoid the influence of pH
fluctuations and product accumulation (Supplementary Fig. S1, 2 and
Supplementary Note 1). Initially, we evaluated the catalytic perfor-
mance of graphite in a buffered solution containing 2M acetate
sodium (NaAc) and 2M acetic acid (HAc) while maintaining a steady
current density of 0.15A cm™. As shown in Fig. 1a, graphite initially
exhibited impressive performance (-100% non-Kolbe products), with a
high Faradic efficiency (FE) for methanol and methyl acetate, as
determined by 'H nuclear magnetic resonance (NMR) (Supplementary
Fig. 3). However, following approximately 2h of electrolysis, the

potential rapidly increased from approximately 2.5 to 5V vs. RHE,
which was accompanied by a significant reduction in the catalytic
selectivity from nearly 100% to approximately 45%.

We then compared the changes in the performance of graphite
before and after deactivation over a wide range of current densities
from 0.05 to 0.3 Acm™. Before deactivation, as shown in Fig. 1b, the
graphite maintained a total FE of -90% for methanol and methyl
acetate at different current densities. In contrast, for graphite that had
been deactivated at 0.3 Acm™, the FEs for all non-Kolbe products
decreased to less than 50% under varying current densities (Fig. 1c).
Additionally, we noted an apparent increase in the overpotentials
triggered by deactivation across all tested current densities (Fig. 1d).
Notably, trace gas products such as ethane (C;Hg), carbon monoxide
(CO), and oxygen (0O,) were detected by gas chromatography (GC)
before deactivation, with FEs lower than 1% (Supplementary
Figs. 4 and 5a). Post-deactivation, however, there was a considerable
increase in C,Hg and CO, which accounted for ~5% of the FEs at ele-
vated current densities. The augmented production of C,Hg can be
ascribed to the accumulation of methyl radicals on the graphite sur-
face at high potentials, whereas the generation of CO suggests the
over-oxidation of non-Kolbe products. In-situ differential electro-
chemical mass spectrometry (DEMS) was implemented to track the
variations in the gas products during the deactivation process. As
illustrated in Supplementary Figs. 5b-d, subsequent to deactivation at
3000 s, there was a notable increase in C,H¢ with increasing potential,
which aligns with the online GC findings. The intensity of CO, initially
escalated after deactivation, a trend that can be explained by the
promotion of the one-electron process for C;H¢ production, which
generates more CO, molecules than the two-electron process does. In
addition, we evaluated the performance of the deactivated graphite at
a current density of 0.3Acm™ under relatively high flow rates to
exclude possible overoxidation of the products. The total FE of non-
Kolbe products is maintained at ~40%, and there are limited variations
in the potential. We, therefore conclude that the influence of the flow
rate on the electrolytic performance is negligible (Supplemen-
tary Fig. 6).

Through comprehensive experimental analysis, we determined
that the deactivation phenomena observed in graphite are physically
irreversible, as evidenced by Supplementary Fig. 7. The degradation
of the catalytic performance during electrolysis was likely due to the
structural passivation of the active sites for decarboxylation. We
employed X-ray diffraction (XRD) to elucidate the structural integrity
of the deactivated graphite. The XRD patterns of pristine graphite
displayed diffraction peaks at 26.4°, 44.6°, 54.7°, and 77.7°, which
were identical to those of graphitic carbon. Post-deactivation analy-
sis revealed negligible peak shifts, indicating the retention of the
crystalline phase (Supplementary Fig. 8). Surface alterations were
further investigated using Raman spectroscopy (Supplementary
Fig. 9). Two peaks located at 1350 and 1580 cm™ were assigned to the
D and G peaks of graphite, respectively®, and exhibited an increase
in the Ip/lg ratio from 0.341 to 1.026 following deactivation, sug-
gesting an increase in the number of defect sites. Scanning electron
microscopy (SEM) imaging revealed a discernible loss of the layered
structure of the graphite upon deactivation (Supplementary Fig. 10).
To probe the surface oxidation states, X-ray photoelectron spectro-
scopy (XPS) was utilized (Fig. 1e). The C 1s spectra of pristine gra-
phite exhibited three peaks at 284.8, 285.6, and 286.5eV,
corresponding to C=C, C-OH, and C-O-C functional species, respec-
tively. After deactivation, new peaks at 284.1 and 288.2 eV appeared,
corresponding to defective carbon and C=0 (COOH, ketone) species,
respectively**"*.. Moreover, the contents of C-OH and C-O-C mark-
edly increased, as did the overall increase in oxygen content (Sup-
plementary Fig. 11). These findings suggested a highly oxidized state
of the graphite surface after deactivation, which was further sub-
stantiated by Fourier transform infrared (FTIR) spectroscopy analysis
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Fig. 1| Investigation of the deactivation process involving a graphite electrode
over an electrochemical decarboxylation reaction. a Potential and catalytic
performance versus time profile for graphite at 0.15A cm™ in an electrolyte con-
taining 2 M NaAc and 2 M HAc (pH=4.75 + 0.15). Catalytic performance of graphite
at different current densities (b) pre-deactivation (c) post-deactivation. d The
corresponding j-V curves of graphite before and after deactivation. e C 1s XPS
spectra of pristine graphite and post-deactivated graphite. f. Nyquist plots for the
graphite reaction in 2M NaAc and 2 M HAc at 2.47 V vs. RHE. The curves were

ascribed to cycles 1 to 6 from top to bottom, respectively, and each cycle was
scanned in the range from 1 MHz to 0.1 Hz. The inset shows the curves of the
scanning cycles from1to 10. The solution resistance (R) for (a) is around 20.1Q. The
solution resistance (R) and the corresponding potential without iR correction for
(d) can be found in the figure caption of Supplementary Fig. 17. The error bars
correspond to the standard deviation of three independent measurements. Source
data for this figure are provided in the Source Data file.

(Supplementary Fig. 12). Compared with the pristine material, the
deactivated graphite exhibited a plethora of new peaks attributable
to various functional groups, such as ethers (vc.o at 1033 cm™), car-
boxylic acid (vc.oy at 1219 cm™, 8oy at 1443 cm™, veo at 1717 cm™),
ketones (vVc-o at 1630 cm™) and organic carbonate (vc-o at 1715cm™,
Son at 1384 cm™)***%, These spectral features are indicative of the
extensive oxidative modifications experienced by the graphite sur-
face upon deactivation.

To verify the hypothesis that the oxidized graphite surface was
the primary factor for the decrease in catalytic activity, we measured
the deactivation behavior of graphite at various current densities. The
correlation between graphite deactivation and the applied Coulomb
charge was confirmed, as shown in Supplementary Fig. 13. The deac-
tivated graphite was subsequently annealed at 900 °C in an Ar atmo-
sphere to eliminate surface oxygen species** (Supplementary Fig. 14).
The annealed graphite regained a low onset potential (below 3V vs.
RHE) for galvanostatic electrolysis at 0.3 A cm™, supporting the notion
that deactivation was predominantly due to oxidation (Supplementary
Fig. 15). Additionally, in-situ electrochemical impedance spectroscopy
(EIS) measurements were conducted at 2.47V vs. RHE, revealing the
emergence and subsequent growth of a new inductive loop in the high-
frequency domain (Fig. 1f). This new inductive loop was attributed to
the dielectric oxidative graphite layer, which showed a similar trend for
the formation of a solid-electrolyte interphase (SEI) in batteries,
resulting in the inhibition of electron transfer. Taken together, we
conclude that the deactivation of the graphite catalyst is ascribed to
the formation of a fully oxidized surface layer, which obstructs the
active sites with oxidized functional groups and hinders electron
transfer, resulting in elevated reaction potentials and diminished cat-
alytic performance.

Anion intercalation strategy for stable aqueous non-Kolbe
electrolysis

Given the layered structure of graphite, it is widely adopted to enhance
charge transfer through ion intercalation in the battery industry*. We
then sought to extend this strategy in-situ to address the passivation
issue here for anodic catalysis (Fig. 2a). As expected, with the addition
of 0.1M NaClO,4, we observed rapid recovery of the anode potential
from ~6.5 to -2.9 V for the deactivated graphite in an electrolyte con-
taining 2M NaAc and 2M HAc at a constant current density of
0.3Acm™ (Fig. 2b). Subsequent evaluations of the catalytic perfor-
mance for acetate decarboxylation, with the addition of 0.1M NaClO,
at various current densities, revealed that the total FE for non-Kolbe
products (methanol and methyl acetate) exhibited trends comparable
to those observed prior to passivation without the addition of anions.
The liquid products presented a total FE of over 95% from 0.05 to
1A cm™ (Fig. 2¢). Gas products were quantified using GC and in-situ
DEMS (Supplementary Fig. 16), which indicated a marked reduction in
the production of CO, C;He, and CO, when NaClO, was incorporated.
The overlap of the j-V curves confirmed that the addition of NaClO,
effectively maintained the superior performance of the graphite anode
(Fig. 2d and Supplementary Fig. 17). The influence of NaClO4 con-
centration on catalytic activity was found to be negligible, except when
excessive perchlorate (>0.3 M) was added, which slightly impacted the
catalytic activity, potentially due to excessive surface coverage (Sup-
plementary Fig. 18). A stability test conducted at a constant current
density of 0.15 A cm™ with the addition of 0.1 M NaClO, maintained the
total FE for non-Kolbe products at ~95% over 130 h (Fig. 2e). Further-
more, the stability of the NaClO, system at a higher current density of
0.6 Acm™ showed no significant degradation over a period of 35h
(Supplementary Fig. 19).
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Fig. 2 | Strategy for reactivating a graphite electrode. a Schematic illustration of
the reactivation strategy through the introduction of NaClO, into the electrolyte.
b Potential vs. time curve at 0.3 A cm™ for deactivated graphite reacting in the
electrolyte before and after the addition of 0.1M NaClO,. ¢ FEs for non-Kolbe
products at different current densities for graphite reacting in the electrolyte with
0.1 M NaClO,. d The corresponding j-V curve of graphite reacting in the electrolyte
with or without the addition of NaClO,. e Stability test at 0.15Acm™ in a flow cell
system over 130 h. f XRD patterns of the graphite before and after reaction in the
electrolyte with or without perchlorate. HR-TEM images of graphite after reaction
(g) without or (h) with NaClOy,. i Nyquist plots for the graphite reaction in 2 M NaAc

+2 M HAc with 0.1 M NaClO,4 at 2.47 V vs. RHE. The curves were ascribed to scanning
cycles 1 to 10, and each cycle was scanned in the range from 1 MHz to 0.1 Hz.

Jj Nyquist plots for the graphite reaction in 2 M NaAc + 2 M HAc and the subsequent
addition of 0.1 M NaClO4 at 3 V vs. RHE. The curves were ascribed to scanning cycles
1to 10, and each cycle was scanned in the range from 1 MHz to 0.1 Hz. The solution
resistance (R) for (b) is around 15.3 Q. The solution resistance (R) and the corre-
sponding potential without iR correction for (d) can be found in the figure caption
of Supplementary Fig. 17. The solution resistance (R) for (e) is around 17.0 Q. The
error bars correspond to the standard deviation of three independent measure-
ments. Source data for this figure are provided in the Source Data file.
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The intercalation of perchlorate ions within the graphite layers
was definitively demonstrated. The XRD patterns revealed a shift in the
peak at 26.4°, corresponding to the (002) plane of graphitic carbon, to
a lower degree, suggesting an expansion in the lattice structure*
(Fig. 2f and Supplementary Fig. 20). SEM images confirmed that the
layered structure of the graphite was well-maintained post-intercala-
tion (Supplementary Figs. 21a, b). High-resolution transmission elec-
tron microscopy (HR-TEM) analysis revealed that the interlayer
distance of the pristine graphite was around 0.342 nm (Supplementary
Fig. 22). This distance increased to 0.353 nm following deactivation
due to oxidation at elevated potentials, as shown in Fig. 2g. The
intercalation of ClO, induced a more pronounced increase to
0.418 nm (Fig. 2h). Further in-situ EIS measurements indicated that the
shape of the Nyquist curves remained unchanged with increasing
number of scan cycles, demonstrating the preservation of the electron
transfer capabilities (Fig. 2i). We also measured the EIS spectra of the
performance recovery of the deactivated graphite electrode with the
addition of perchlorate, as shown in Fig. 2j. During electrocatalytic
decarboxylation, charge transfer was hindered with increasing number
of scan cycles, leading to an increase in the reaction overpotential. In
stark contrast, the addition of NaClO, induced a rapid decrease in the
charge transfer resistance. The charge transfer was further improved
with increasing number of scan cycles. This result explained the
instantaneous decrease in potential upon the addition of perchlorate
shown in Fig. 2b and highlighted the effect of perchlorate on the
increase in charge transfer.

We investigated the influence of NaClO, concentration and
identified 0.02 M as the lowest perchlorate concentration for moder-
ate recovery, despite a slight decrease in performance (Supplementary
Fig. 23, detailed in Supplementary Note 2). Since non-Kolbe products
(mainly olefins, alcohols, and esters) can be separated via distillation
and solvent extraction, the remaining perchlorate is reusable (Sup-
plementary Fig. 24 and Supplementary Note 3).

An anti-passivation effect was also observed for various anions,
including nitrate (NaNO3), sulfate (Na,SO,4), and phosphate (Na,HPO,)
(Supplementary Fig. 25a). XRD analysis revealed that the intensity of
the (002) peak for all the anion-treated graphite samples decreased,
indicating successful intercalation (Supplementary Fig. 26). However,
the use of NaNO3, Na,SO,4, and Na,HPO, resulted in a rapid decline in
the FE for the total liquid products (Supplementary Figs. 25b-d). This
decrease in performance is attributed to the instability of nitrate, sul-
fate, and phosphate ions under high anode potentials, which was fur-
ther substantiated by iodometry experiments” (Supplementary
Fig. 27). These findings suggest that while intercalation can mitigate
passivation, the choice of anion is critical to maintaining the catalytic
activity of graphite electrodes.

Insights for anion-induced selectivity improvement

Notably, the addition of NaClO, to the electrolyte enhanced methanol
production, achieving a FE of approximately 80% (Fig. 2c) compared
with the FE of 45% (Fig. 1b) observed with pristine graphite. This sig-
nificant increase prompted a thorough investigation into the
mechanisms underlying this selectivity enhancement. As shown in
Fig. 3a, the molar ratios of methanol to methyl acetate exhibited a clear
potential dependence in the presence of NaClO4. Specifically, at
potentials below 2.8V vs. RHE, the production of methanol is pre-
ferentially favored at higher NaClO, concentrations. Conversely, at
potentials above 2.8 V vs. RHE, the NaClO,4 concentration appeared to
have a less pronounced effect. Further analysis of different anions
revealed that they also contributed to selectivity enhancement, but the
impact was comparatively limited (Fig. 3b).

To study the evolution of surface species during electrolysis, in-
situ attenuated total reflection surface-enhanced IR absorption spec-
troscopy (ATR-SEIRAS) was conducted (Fig. 3c, d). The vibrational
peaks at 1237, 1367, 1438, and 1714 cm™ were associated with acetic

acid, corresponding to vc.o, 8ch, Sasc-n, and ve-o, respectively®®. In
addition, the peaks at 1475 and 1556 cm™ were assigned to the vibra-
tion of acetate. With increasing potential, there was a notable increase
in the intensity of the acetic acid peaks and a decrease in the intensity
of the acetate peaks, suggesting the consumption of carboxylate
groups and the release of protons during the non-Kolbe reaction. The
peak at 1400 cm™ was ascribed to the O-C-O symmetric stretching
(Vsoco) vibration of adsorbed acetate***°. Driven by the electric field,
competitive adsorption occurred between the acetates and per-
chlorate anions on the graphite surface. Thus, the concentration of
surface acetate in the NaClO, system appears to be significantly lower
than that in the NaClO,-free system, as revealed by the faster decrease
in the vsoco peak when the potential increased, as shown in the inset of
Fig. 3¢, d. The adsorption of perchlorate anions can also be evidenced
by the peak at 1120 cm™ attributed to the stretching vibration of CI-O®".
The observed increase in the intensity of the vg.o peak at lower
potentials and its subsequent stabilization at potentials exceeding
2.07 V uvs. RHE suggested that perchlorate adsorption intensified as the
potential rose within the low range and reached a saturation point at
higher potentials. This behavior corresponded well with the mole ratio
changes illustrated in Fig. 3a, emphasizing the critical role of the
adsorbed perchlorate concentration in selectivity regulation. The
time-dependent ATR-SEIRAS experiments further supported this, as
they showed a decrease in the vsoco peak intensities, indicating the
suppression of acetate adsorption (Fig. 3e, f). Additionally, electron
paramagnetic resonance (EPR) analysis revealed that CHs* was the
active radical during the reaction”, providing deeper insight into the
reaction mechanism (Supplementary Fig. 28).

Based on the above findings, we concluded that the selective
production of methanol was predominantly influenced by the low
surface concentration of acetate and the high surface concentration of
perchlorate anions. Generally, acetate first adsorbs on the surface of
catalysts and then loses an electron to form the CH;COO* intermediate
(Supplementary Fig. 29). This intermediate then underwent dec-
arboxylation, yielding adsorbed methyl (CHs*) and carbon dioxide.
These CHs* ions subsequently preferentially lose an electron to
become carbonium ions, which are then readily combined with
nucleophiles such as H,O, resulting in methanol, or with acetate,
forming methyl acetate®. Therefore, a lower concentration of acetate
on the surface hindered the formation of methyl acetate, favouring the
production of methanol.

Extension of the anion intercalation strategy to other
carboxylates

The comprehensive evaluation of the decarboxylation performance of
graphite across various pH values and carboxylate concentrations
underscores the broad effectiveness of the anion intercalation strategy
(Fig. 4a, b, Supplementary Figs. 30-34). With the addition of per-
chlorate anions, the total FE of the graphite catalyst was greater than
90% for non-Kolbe products. This high efficiency was maintained
across a range of conditions, with only a minor reduction to 80% under
highly alkaline environments. Furthermore, the catalytic performance
was well preserved for a long period when perchlorate ions were
present, in stark contrast to the significant performance degradation
observed in the absence of perchlorate.

The extension of the substrate scope to include C,. carboxylates
such as propionate and butyrate has yielded promising results (Sup-
plementary Figs. 35-41 and Table S1). As shown in Fig. 4c¢, d and Sup-
plementary Fig. 39, the presence of NaClO, in the electrolyte
significantly mitigated the deactivation of graphite, maintaining a
stable and low potential during constant current density electrolysis.
For propionate decarboxylation, ethylene, generated by the elimina-
tion of hydrogen from carbonium ions, was identified as the main
product, with an FE of over 40%*. In the case of butyrate decarbox-
ylation, the propyl carbonium ions undergo rearrangement, leading to

Nature Communications | (2025)16:3719


www.nature.com/naturecommunications

1800 1600 1400 1200

Wavenumber (cm™)

Fig. 3 | Influence of the addition of perchlorate on the distribution of non-Kolbe
products. a The ratio of the non-Kolbe products with the addition of different
concentrations of perchlorate. b The ratio of the non-Kolbe products with the
addition of different anions. In-situ ATR-SEIRAS spectra of graphite reacting in the
electrolyte (c) with or (d) without perchlorate with a change in potential. In-situ ATR-
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SEIRAS spectra of graphite reacting in the electrolyte (e) with or (f) without per-
chlorate over time at 2.27 V vs. RHE. Changes in the intensity of the vsoco Species are
shown in the inset, which represents the adsorbed acetate. The solution resistance (R)
for panels (c) and (e) is around 32.8 Q. The solution resistance (R) for (d) and (f) is
around 34.3 Q. Source data for this figure are provided in the Source Data file.

the formation of 1- and 2-propanol®. The corresponding j-V curves and
FEs of the products of propionate and butyrate decarboxylation at
different current densities were measured and are shown in Supple-
mentary Fig. 40. In addition, the performance of octanoate (long-chain
fatty carboxylate, carbon chain number > 8) electrolysis with and
without the addition of perchlorate was also evaluated

(Supplementary Fig. 41). These results suggest that the oxidation of the
graphite electrode in the aqueous phase was inevitable. Like acetate
electrolysis, perchlorate intercalation into graphite layers enhances
charge transfer, lowering the reaction potential. The slight changes in
product distribution were deduced to be due to the protective effect
of the adsorbed long-chain carboxylate, as indicated by previous
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studies®. Furthermore, widely used biomass carboxylates, such as
succinate and levulinate, were also investigated, as shown in Fig. 4e, f
and Supplementary Figs. 42-44. Olefins were identified as the main
products. For succinate and levulinate decarboxylation, a stable and
low potential was shown with the addition of NaClO,4, and the total FE
of olefins (acrylic acid and ethylene for succinate and methyl vinyl
ketone for levulinate) was maintained at -20%. In contrast, in the
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absence of NaClQ,, the potential apparently increased, and the cata-
lytic performance decreased to below 10%. These findings suggest that
with further refinement of strategies, such as precise control of the
surface solvation environment, it may be possible to achieve even
higher selectivity in these reactions.

In summary, we developed an anion intercalation strategy to
realize the long-term stability of aqueous non-Kolbe electrolysis
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Fig. 4 | Feasibility of the reactivating strategy under different conditions.

a Stability test of graphite reacting in an electrolyte containing 2 M NaAc (pH=
8.50 + 0.25) with or without the addition of NaClO,4 at 0.3 Acm™ The solution
resistance (R) is around 15.6 Q and 16.7 Q for the measurement with and without
NaClOy, respectively. b Stability test of graphite reacting in an electrolyte con-
taining 2 M NaAc and 0.1 M NaOH (pH=12.9 + 0.20) with or without the addition of
NaClO, at 0.5 A cm™. The solution resistance (R) is around 9.71 Q and 9.5 Q for the
measurement with and without NaClOy, respectively. ¢ Stability test of graphite in
an electrolyte containing 1M propionic acid (HPr) and 1M sodium propionate
(NaPr) (pH= 4.88 + 0.10) with or without the addition of NaClO, at 0.3 A cm™ The
solution resistance (R) is around 24.9 Q and 31.0 Q for the measurement with and
without NaClOy,, respectively. d Stability test of graphite in electrolyte containing

1M butyric acid (HBu) and 1M sodium butyrate (NaBu) (pH= 4.82 + 0.25) with or
without the addition of NaClO,4 at 0.2 A cm™. The solution resistance (R) is around
30.9 Q and 38.5 Q for the measurement with and without NaClO,, respectively.

e Stability test of graphite in an electrolyte containing 0.5 M monosodium succinate
(NaSA) (pH= 6.50 + 0.33) with or without the addition of NaClO4 at 0.1A cm™ The
solution resistance (R) is around 36 Q and 40.4 Q for the measurement with and
without NaClOy, respectively. f Stability test of graphite in an electrolyte containing
1M levulinic acid (HLA) and 1M sodium levulinate (NaLA) (pH= 4.65 + 0.13) with or
without the addition of NaClO, at 0.1 A cm™. The solution resistance (R) is around
25.9 O and 28.1 Q for the measurement with and without NaClOy, respectively. The
concentration ratio of carboxylate to NaClO4 was maintained at 20:1 for all

the tests.

using graphite as an anode catalyst. The introduced perchlorate ions
sufficiently eliminated the inhibition of charge transfer resulting
from the oxidation of the surface during electrolysis. Consequently,
graphite exhibited an intrinsically high FE of ~95% for non-Kolbe
products (methanol and methyl acetate) at wide current densities
ranging from 0.05 to 1A cm™. Furthermore, the intercalated gra-
phite exhibited a preeminent stability at 0.15 and 0.6 A cm™ over 130
and 35 h, respectively. In-situ spectroscopic analyses have shed light
on the role of perchlorate in modulating the surface concentration
of acetate, thereby enhancing the production of methanol. The
applicability of this intercalation strategy was also successfully
validated for the decarboxylation of propionate, butyrate, succi-
nate, and levulinate. This study offers an efficient approach to
address the longstanding challenge of catalyst passivation and
provides a foundational framework for the development of catalysts
with inherent high activity.

Methods

Chemicals

The graphite flake was purchased from Beijing Jingling Special Carbon
Technology. Sodium acetate trihydrate, acetic acid, sodium hydroxide,
sodium perchlorate monohydrate, sodium nitrate, sodium sulfate,
sodium phosphate dibasic dihydrate, sulfuric acid, and 5,5-Dimethyl-1-
pyrroline N-oxide (DMPO, 97%) were purchased from Aladdin. Gra-
phite powder (Dso <400 nm, 99.95%), ethanol, propionic acid, and
butyric acid were purchased from Macklin. Sodium propionate,
sodium butyrate, succinic acid, levulinic acid, and Nafion (5 wt%) were
purchased from Sigma-Aldrich. All the chemicals were used without
further purification. Deionized (DI) water was used throughout the
experiments. All the electrolyte solution was prepared by analytical
balance and volumetric bottle before testing. All the solution was
restored at room temperature.

Pretreatment of the graphite flake

The purchased graphite flake with a size of 0.5 mm x 10 cmx10 cm was
first cut into 1cm x 2 cm pieces with blades. These pieces were sub-
sequently ultrasonicated in 1M diluted hydrochloric acid for 15 min,
ethanol for 15 min, and water for 30 min in sequence to remove surface
impurities. The washed pieces were dried in a vacuum oven at 60 °C for
12 h for further use.

Electrochemical measurements

All the electrochemical measurements and data collection were
conducted by CHI (1140C) and Bio-Logic (VSP-3e) electrochemical
workstations at room temperature. A customized reactor was used
(Supplementary Fig. 2). The electrode area is 0.75cm? Ag/AgCl
(saturated KCI) was adopted as the reference electrode, and the
counter electrode was a Pt-coated Ti mesh for the hydrogen evolu-
tion reaction. A carboxylate solution of 2 mL min™ was pumped into
the anode side, and a 1 M H,SOy, solution of 2 mL min™ was pumped
into the cathode side. The volume of the anodic and cathodic
chambers is 5 mL. A Nafion 115 membrane (Fuel Cell Store) for cation

exchange was used. The membrane size was 1 cm x 2 cm with a
thickness of 127 pm. Before testing, the Nafion membrane was
treated by 5wt.% H,0, solution for 1h at 80 °C. The treated mem-
brane was subsequently treated by DI water, 1 M H,SO, solution, and
DI water for 1h at 80 °C, respectively. Finally, the membrane was
restored in DI water at room temperature for further use. A Nafion
115 membrane (Fuel Cell Store) was sandwiched by two gaskets
between the anolyte and electrolyte to separate the chambers. All
potentials were converted to the RHE reference scale using the fol-
lowing Eq. (1):

Eptie =Engjagc + 0-197 V +0.0591 x pH o

For reference electrode calibration, a Pt foil electrode covered
with Pt black powder was adopted as a working electrode, the deter-
mined reference electrode, and a Pt wire as a counter electrode. 0.5M
H,SO, was selected as the electrolyte for calibration. The pure
hydrogen flow rate was maintained at 50 sccm for saturation to
achieve 1atm H, partial pressure. The CV data at a scan rate of 1mV s
indicate that the calibrated Ag/AgClI potential is 0.197 V vs. RHE.

The pH values of the electrolyte solution were measured by a
high-accuracy pH benchtop meter (Mettler Toledo FiveEasy Plus
FP20). The pH meter was calibrated by a three-point calibration
method. The standard solutions with pH values of 4.00, 6.86, and 9.18
were used. Each value was measured three times.

The solution resistance (R) was determined by (PEIS) potentio-
static electrochemical impedance spectroscopy at frequencies ranging
from 0.1 Hz to 200 kHz. All measured potentials were compensated by
resistance with an 85% compensation coefficient unless otherwise
mentioned.

Products analysis

The gas products were separated by a gas-liquid separator, and Ar was
used as the carrier at a flow rate of 20 mL min™. Gas chromatography
(GC, Agilent 8990) was used for the quantification of gas products. The
FE of the gas products was calculated by the concentration detected by
GC according to the following Eq. (2):

nFxv, 1
g 0 2
Vi X %0 x100% 2

FE(%) =

where n is the electron transfer number, F is the Faraday constant
(96485 C mol™), xis the mole fraction of the gas products, vy is the flow
rate of gas (mLmin™), V,, is the molar volume (24.5 L mol™ at 25°C),
and / is the applied current (A).

The liquid products were quantified by a 400 MHz NMR spec-
trometer (BRUKER). Then, 100 pL of D,O (Sigma Aldrich, 99.9 at.%)
and 0.05 pL of dimethyl sulfoxide (Sigma Aldrich, 99.9%) as an internal
standard were added to 600 pL of the electrolyte after electrolysis. The
FE of the liquid products was calculated by the concentration detected
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by NMR according to the following Eq. (3):

kv 11009 3)

FE(%) = i 60

where n is the electron transfer number, F is the Faraday constant
(96485 C mol™), ¢ is the mole fraction of the liquid products, v is the
flow rate of the liquid (mlmin™), and / is the applied current (A).

The liquid products generated from the electrochemical dec-
arboxylation of succinate were quantified by high-performance liquid
chromatography (HPLC, PerkinElmer LC-300 system, America)
equipped with a ROA-Organic Acid H® (8%) LC column. The measure-
ments employed 5 mM H,SO, as the mobile phase and were conducted
at 60 °C with a flow rate of 0.5 mL min™.,

Characterization

X-ray diffraction (XRD) patterns were measured by a Philips X'Pert Pro
Super diffractometer, and the standard A value was 1.54178 A for Cu-Ka
radiation. The morphology of the samples was observed by scanning
electron microscopy (SEM Gemini SEM 300) at an accelerating voltage
of 5kV. Raman spectra were obtained using a Renishaw inVia Raman
analyser equipped with a 532 nm laser. X-ray photoelectron spectro-
scopy (XPS) measurements were conducted on a Kratos-Axis Supra
XPS spectrometer, and the binding energies were corrected by refer-
encing C 1s to 284.8eV. High-resolution transmission electron
microscopy (HRTEM) was carried out on a Tecnai G2 F20 S-TWIN using
Mo-based TEM grids.

Ex-situ attenuated total reflection Fourier Transform Infrared
Spectrometer absorption spectroscopy (ATR-FTIR)

Ex-situ ATR-FTIR data were collected with a Nicolet iS50 FT-IR spec-
trometer equipped with an iS50 built-in diamond ATR module. The
graphite flakes were pressed tightly on a diamond prism. The wave-
number resolution was 4 cm™.

In-situ differential electrochemical mass spectrometry (DEMS)

measurements

In-situ DEMS measurements were applied for the detection of the
changes of gas products during the reaction, and the mass spectro-
meter was equipped with a capillary injection port. The gas was
separated by a gas-liquid separator. The signals at mass-to-charge
ratios of 27 and 44 were assigned to C,H¢ and CO,, respectively.

In-situ electrochemical impedance spectroscopy (EIS)
measurements

In-situ EIS measurements were conducted in a three-electrode system
with a Bio-Logic (VSP-3e) electrochemical workstation. Pt wire was
used as the counter electrode, and Ag/AgCl (saturated KCI) was used as
the reference electrode. EIS measurements were acquired at an applied
voltage of 2.47 V vs. RHE with an overlaid voltage of +20 mV. The fre-
quency ranged from 1MHz to 0.1 Hz.

In-situ attenuated total reflection surface-enhanced IR absorp-
tion spectroscopy (ATR-SEIRAS) measurements

In-situ ATR-SEIRAS spectra were collected with an FT-IR spectrometer
(Thermo Scientific Nicolet iS50) equipped with an MCT-A detector.
The Au-coated Si prism was prepared by evaporation. A 120A
current was used, and the Au film was deposited on the basal plane of
a hemicylindrical Si prism with a thickness of 40 nm. The catalyst inks
were prepared by mixing 5mg of graphite powder (<400 nm), 1 ml of
ethanol, and 50 pL of ionomer. The Si prism was assembled in a spec-
troelectrochemical cell with Pt wire as the counter electrode and Ag/
AgCl wire in a saturated KCI solution as the reference electrode. Elec-
trolytes containing 2 M NaAc and 2 M HAc with or without the addition of
0.1 M NaClO,4 were used. All the spectra were collected at a resolution of

4 cm’, and each single-beam spectrum was an average of 200 scans.
A Bio-Logic (VSP-3e) electrochemical workstation was used for
potential control.

Electron paramagnetic resonance (EPR) measurements

The electrochemically generated methyl radical was performed in
the electrolyte with 2 M acetate (pH = 4.75), and a three-electrode H-
type cell was used. A graphite flake with dimensions of 1cmx 1cm
was used as the working electrode. A constant electrolysis current of
300 mA was adopted over 10 min due to the poor stability of DMPO
under oxidative conditions. An in-situ trapping method was used as
previously reported*. Specifically, a pipette containing DMPO solu-
tion (200 mM, 400 pL) was immersed in the electrode, and the tip
was fully in contact with the surface of the graphite flake. The in-situ
generated radicals were reacted with DMPO at the interface between
the solution in the pipette and the surface. The final sample con-
tained 400 pL of DMPO and 400 pL of electrolyte after the reaction
and was named the DMPO + in-situ trapped solution. The sample,
which was named the DMPO + before-electrolysis solution, contained
400 pL of DMPO and 400 pL of electrolyte before the reaction. All
EPR measurements were taken at room temperature with an EPR
spectrometer (JEOL JES-FA200).

Data availability

The authors declare that the data supporting the findings of this study
are available within the paper and its Supplementary Information
file. Source data are provided with this paper.
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