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Electrocatalytic reduction of CO, to fuels and chemicals represents a pro-

mising pathway for CO, utilization and energy conversion. However, metal-
based catalysts often suffer from diminished selectivity in the direct reduction
of CO, to acetate due to suboptimal intermediate adsorption energy imposed
by the linear scaling relationship of d-band theory. We describe a deposition-
etching strategy that tunes the sp*/sp* hybridization of carbon in diamond to
tune the adsorption equilibrium of intermediates for CO, reduction to acetate,
which circumvents the constraints of the d-band electrons. This metal-free
catalyst achieves a Faradaic efficiency of 62.7% for CO,-to-acetate conversion
and demonstrated 100 hours durability. Mechanistic studies reveal that
introducing sp?-carbons into the sp*-carbon matrix can control the adsorption
energies of *CO, and *CO. The sp?*/sp*-carbon active sites facilitate the for-
mation of the *CHO intermediate, which is asymmetrically coupled with the

*CO, to generate acetate.

The electrochemical CO, reduction reaction (CO,RR) driven by
renewable electricity provides a pathway for long-term energy
storage'”. To date, the energy efficiency toward C; (e.g. CO and
HCOOH)** and some C,. products (e.g. C;H, and alcohol)®’ of elec-
trochemical CO,RR have approached the threshold of commercial
viability, while the efficiency and selectivity of acetate are still far from
satisfactory®’. Compared to ethylene and ethanol, acetate has a higher
degree of asymmetry and a lower degree of protonation, making the
adsorption equilibrium of key intermediates more challenging'® 2
However, with metal catalysts, it is difficult to attain the adsorption
equilibrium of key intermediates due to the scaling relationship of
adsorbent (especially *COOH, *CO, *CHO, and *H)"™". Furthermore,
multi-component metallic catalysts often encounter challenges such
as surface segregation, reconstruction, and elemental leaching, thus
limiting long-term stability*.

Unlike metallic elements, carbon atoms in carbon materials
bind intermediates through outer p-orbitals, exhibiting different
adsorption properties distinct from d-band metals"”'®, Among them,
diamond has gained significant attention due to its excellent prop-
erties, such as long-term durability, inertness of hydrogen evolution,
different dimensionalities from O to three dimensional (3D) with
various shapes, and environmental friendliness”. In reported works,
diamonds have demonstrated unique acetate selectivity, which
benefits from the electronic tunability at the heterogeneous inter-
face or N doping®>?'. However, the pristine boron-doped diamond
(BDD) electrode can only reduce CO, to formic acid due to its weak
bonding strength to CO,?>*. Therefore, an additional component is
required to polarize the sp*carbon (sp>-C) in the diamond phase,
promoting CO, adsorption and regulating the adsorption equili-
brium of intermediates. As another hybrid form of carbon,
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sp?-carbon (sp?-C) exhibits a different electronic structure, and
unbonded single electrons or electron clouds formed after m-1
conjugation will affect the electronic structure of neighboring
atoms*. Introducing sp>-C to the diamond surface and constructing
the heterostructure of sp*>-C and sp?-C might modulate the electronic
structure of sp*-C*?, In addition, the asymmetric sites composed of
sp?-C and sp*C will also be favorable for the formation of asym-
metric products'>?. However, there lacks a methodology to pre-
cisely control the structure and proportional balance between sp>-C
and sp*>C, which is fundamental for modulating the electronic
structure and adsorption property at the heterogeneous interface, a
critical factor for the conversion of CO, into acetate. Conventional
synthesis methods, such as organic synthesis, solvothermal/hydro-
thermal synthesis, etc. %, fall short in simultaneously achieving a
heterostructure that integrates sp*-C and sp>C, a high-density of
active sites, and flexible adjustment of sp>-C content.

Herein, we present the design and implementation of a
deposition-etching strategy to tune the sp’/sp® hybridization carbon
structure in BDD electrodes, aimed at enhancing CO, reduction to
acetate. This method enables the creation of a high density of sp*
carbon with dangling bonds as active sites and modulates the amount
of modified sp? hybrid carbon groups. The adsorption equilibrium of
the reaction intermediates could be achieved by modulating the pro-
portion of sp>C and sp*>-C, which breaks the linear scaling relationship
of the d-band theory for metal sites. The asymmetric structure, com-
posed of sp?-C and sp*-C, adsorbs *CO intermediates in two different
forms, which leads to different degrees of protonation and asymmetric
C, intermediates, ultimately inducing the formation of acetate.
Remarkably, a Faradaic efficiency of 62.7% for CO,-to-acetate conver-
sion, as the exclusive C,. product, was achieved with a high current
density of 23 mA cm™ on a metal-free catalyst. Additionally, this cata-
lyst exhibits exceptional durability, maintaining its activity for up to
100 h with a minimal decline rate of 0.12% h. This performance sur-
passes previously reported performances of non-metallic electro-
catalysts to date, establishing a benchmark in the field.

Results

Controlled regulation of sp>-C and sp>-C heterostructure

The commercially available as-deposited polycrystalline BDD films
were grown on silicon (100) substrate by microwave plasma-assisted
chemical vapor deposition (MPCVD)*. The boron concentration in the
commercial BDD film is determined by the boron-to-carbon ratio (B/C)
in the precursor gas mixture, corresponding to a 1:1000 molar ratio of
trimethylboron (boron source) to methane (carbon source), and is
maintained at 0.1% for boron doping (details in Methods). Following
MPCVD, we constructed the diamond nanocones on the BDD by an
inductively coupled plasma-reactive ion etching (ICP-RIE) method
(Fig. 1a and Supplementary Fig. 1, details in Methods). This etching
technology combines chemical etching reactions with physical bom-
bardment etching, which enables high etch rates with high etch
selectivity, as well as low surface damage?*°. Chemical etching reac-
tions are based on the reaction of free radicals with the surface of the
etched material, which produces volatile species that desorb from the
surface. Physical etching, on the other hand, relies on high-energy ion
bombardment and knockout of atoms or aggregates of atoms in the
etched material. Modulating the independent ICP and capacitive
coupled plasma (CCP) etching power during the etching process can
synergistically achieve different fluxes of energetic ions in the chamber
(Supplementary Fig. 2), leading to the cleavage of carbon-carbon
bonds of the substrate, which may partially transform part of the sp?
carbon (sp>-C) structure in the material into the sp* carbon (sp*-C)
structure. Based on this hypothesis, we obtained three typical etched
BDD electrodes with different sp*/sp® hybridization carbon structures
by etching powers (details in Methods), i.e., low ion flux, medium ion
flux, and high ion flux etched BDDs (referred to as E; BDD, EyBDD, and

EyBDD, respectively). The structural composition of the hybridized
carbon in BDD electrodes may be affected by the aforementioned
processes.

To explore the effect of different ion fluxes on the morphology
and the composition of obtained BDDs, scanning electron microscope
(SEM) and spherical aberration-corrected transmission electron
microscopy (AC-TEM) were applied. The commercial BDD electrodes
initially show flat microcrystalline diamond polyhedrons (Supple-
mentary Fig. 3). After etching with medium ion flux, the surface of
EmBDD exhibits uniformly sized and well-aligned nanocone arrays with
sharp tips (Fig. 1b). Further increasing etching power (i.e., high ion
flux), the E4BDD surface underwent erosion by ion bombardment,
resulting in blurred grain boundaries (Supplementary Fig. 4). To fur-
ther investigate the fine structure of diamond nanocones, ultra-thin
specimens of EyBDD were fabricated by focused ion beam (FIB)
technique for cross-sectional TEM analysis (Supplementary Fig. 5 and
Methods). Cross-sectional AC-TEM image of the bulk region of the
nanocone and the selected area electron diffraction (SAED) pattern
indicates its <111 > growth orientation**° (Fig. 1c). Meanwhile, high-
resolution TEM (HRTEM, Fig. 1d) showed atomic structures transi-
tioning from ordered arrays in the bulk to continuous crooked lines
near the surface, suggesting a breakdown into sp?-C or graphene
layers® (The dashed rectangular frame in Fig. 1d). This breakdown can
be attributed to the lack of the support of three-dimensional struc-
tures, resulting in the neighboring graphene layers or sp>-C chains
making contact with each other and bending with flexibility*’. There-
fore, the sp*-to-sp? carbon transition is clearly observed in the HRTEM
images of EyBDD, evidenced by the presence of compressed graphitic
carbon layers inserted within and bonded at high angles to sp>-bonded
diamond surfaces. In contrast, the unetched BDD exhibits a highly
ordered HRTEM lattice corresponding to the diamond structure from
the bulk to the surface (Supplementary Fig. 6a). Furthermore, after
heavy etching (E;BDD), more sp>-C was generated and converted into
graphite layers covering the diamond surface (Supplementary Fig. 6c),
which may not favor the CO,RR. As the interface advances to the
diamond side, the specifically combined structural motifs impose
constraints on the carbon bonds in adjacent diamond, resulting in
significant stacking disorder of carbon structure in the diamond®* This
structural arrangement indicates a topotaxial relationship between the
two domain types, demonstrating that the etched BDD forms a
transformation from diamond to graphite. Upon etching, the surface
morphology of the BDD electrode was altered, and the degree of phase
transformation and the content of sp* hybridized carbon on the elec-
trode surface could be finely controlled by modification of the ion flux
during the etching process, which is expected to bring about changes
in the distribution of CO,RR products.

To further illustrate the structural transformation upon etching,
we used electron energy loss spectroscopy (EELS) to identify the dis-
tribution of sp* and sp® carbons (Fig. 1f). In the aberration-corrected
high-angle dark-field scanning transmission electron microscopy
(HAADF-STEM) image of EyBDD (Fig. 1e), the EELS scanning paths are
marked with blue arrows, with positions 1-6 corresponding to dis-
tances of 1-6 nm from the surface (Fig. 1f). The EELS spectra at posi-
tions 3-6 exhibit sp*-o* antibonding states characteristic of the
diamond, whereas positions 1-3 indicate the coexistence of both sp?
and sp® bonded carbons®. The peak near 285 eV corresponds to elec-
tronic transitions from 1s core states to unoccupied m* (2p,) states of
sp>C**. Further, corresponding multiple linear least squares (MLLS)
quantitative analysis® reveals the contributions of sp® and sp* bonded
carbons at each position (Fig. 1g). For EyBDD, the sp>C content is
highest at the surface and position 1 region, where sp*-bonded gra-
phitic domains are prominently visible within the dashed rectangular
frame of the HRTEM images (Fig. 1d). In contrast, the sp? content on the
surface of E;BDD is nearly negligible (Supplementary Fig. 7c). In
comparison the surface of E4;BDD shows significantly higher sp?
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a

Fig. 1| Preparation and structural characterization of E-BDD film electrodes.
a Schematic preparation process of E-BDD film electrode. Inset i, mechanism
schematic of the BDD film ICP-RIE process. Atom code: sp*-C, blue; sp>-C, yellow.
Inset ii, enlarged cross-view of E-BDD film. b SEM image of Ey,BDD film. ¢ Cross-
sectional AC-TEM of the nanocone of Ey,BDD with the inserted selected area elec-
tron diffraction (SAED) pattern (The dark red dashed lines are used to distinguish
the surface of the nanocone. A Al,O; protective layer was deposited before FIB
processes and a Pt protective layer was deposited during the FIB thinning process).
d Cross-sectional HRTEM images of the nanocone of EyBDD (the capture area is
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marked by the rectangle in (c)). Inset, the corresponding atomic models of a
covalently bonded sp>C and sp*C heterostructure, with adjacent carbon layers
distinctly shaded in varying greyscales for clarity. e Cross-sectional HAADF-STEM
image of the nanocone of EyBDD (the capture area is marked by the rectangle in
(c)). f The EELS spectra of C K-edge. The line scan direction and acquisition position
are marked by the blue arrow and numbers in (e). g Percentage distribution of sp?
and sp® by the MLLS quantitative analysis for (f) EyBDD. h Raman spectra of BDD
and E-BDD films. Source data are provided as a Source Data file.

content, with a small amount of sp? persisting up to 4 nm from the
surface (Supplementary Fig. 8c), which aligns well with the previous
HRTEM observations (Supplementary Fig. 6). The presence of a certain
amount of sp* bonded carbons neighboring the surface of E-BDDs
suggests that the sp? bonded structure does not form a continuous
layer, such as the structure observed in onion-like carbon®. Rather, it is
dispersed and forms a heterogeneous structure with sp® carbon. This
suggests that the changes of the ion flux have the potential to alter the
coverage and distribution depth of sp>C on the surface of E-BDDs.

In order to further confirm these findings, the grazing incidence
X-ray diffraction (GIXRD) was performed (Supplementary Fig. 9). In
addition to peaks from pristine BDD, the E-BDDs exhibit diffraction
peaks assignable to hexagonal graphite (HG)** a characteristic transi-
tion phase between diamond and graphite. This structural evolution
aligns with HRTEM observations. Excessive etching in the E4BDD
reveals a distinct, broad peak characteristic of amorphous carbon. The
formation of surface sp?-C may be initiated by the cleavage of robust
sp® bonds during etching from energetic ions. Subsequently, these
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broken hexagonal crystal cells unfold and transform into a two-
dimensional graphite structure that remains coherently connected to
the diamond lattice via covalent C-C bonds*>*"** (Fig. 1a Inset i). Ulti-
mately, the above process leads to the accumulation of sp>C on the
EyBDD surface.

To link the variation of the sp*/sp® ratio with etching power, we
further performed Raman and X-ray photoelectron spectroscopy (XPS).
The Raman spectra of BDD and E-BDDs exhibit sharp peaks at 1332 cm™
of the zone center phonon line (ZCP) of the diamond" (Fig. 1h). The
broadband formation at 1220 cm™ is attributed to boron doping®.
During the etching process, boron-doped defects are more easily
etched, resulting in more prominent ZCP peaks for E-BDD electrodes
than for BDD electrodes, indicating a higher quality diamond phase®.
The G band observed between 1500-1600 cm™ arises from the bond
stretching of sp>-C atoms present in both rings and chains*. Initially, the
unetched BDD electrode exhibits a negligible G-band intensity, indi-
cating minimal presence of sp>C. With an increase in etching power,
there is a gradual enhancement in the intensity of the G band, sug-
gesting that the diamond surface structure disrupted by etching
transformed into sp>-C. Under higher etching power (E;BDD), more sp*
C was generated and converted into a more ordered graphite phase
structure, leading to a blue shift of the G-band (1590 cm™) along with
the weakening of the ZCP peak®. Similarly, C 1s spectra show that the
content of sp*C increased gradually with the etching power? (Supple-
mentary Fig. 10). It's worth noting that only carbon and small amounts
of adsorbed oxygen were detected by the XPS and energy dispersive
spectroscopy (EDS) (Supplementary Figs. 11 and 12).

In summary, the structural and compositional changes of E-BDD
due to different etching ion fluxes have been confirmed from multiple
perspectives. The shift in the G-band peak position in Raman spec-
troscopy suggests the presence of various types of sp>-C in E-BDDs.
Specifically, high ion flux E;BDD forms a graphite overlayer, while low
and medium ion flux E-BDDs contain a mixture of amorphous carbon
and graphite. Consequently, the ICP-RIE strategy enables varied sp>-C
proportions on sp*-C surfaces, exposing more active sites and poten-
tially altering CO,RR product distribution.

Effect of sp>-C and sp*-C heterostructure on CO, electroreduc-
tion performance

We evaluated the CO, reduction performance of unetched BDD and
E-BDDs in an H-type cell (H-cell) with CO,-saturated 0.1 M KHCO; as the
catholyte (Supplementary Fig. 13). Polarization (j-V) curves indicate
significantly higher current densities for E-BDD electrodes compared
to unetched BDD, may be due to enhanced electron transfer rate
(Supplementary Fig. 14) and CO, reduction activity (Supplementary
Fig. 15). Further, we carried out the chronoamperometry measure-
ments, and the gas and liquid products were detected using online gas
chromatography and 'H-nuclear magnetic resonance ("H-NMR) spec-
trometer, respectively (Supplementary Figs. 16 and 17). The major CO,
reduction product of unetched BDD is formate (HCOO~) which exhi-
bits a Faradaic efficiency (FE) of 51.8% at -1.6 V vs. RHE (Supplementary
Fig. 18a). After the low degree of etching, E;BDD shows obvious
changes in product selectivity that CO (37.3% FE at -1.5V vs. RHE)
replaces HCOO™ (22.9% FE at —1.5V vs. RHE) as the major product of
CO, reduction (Supplementary Fig. 18b). The strength and adsorption
configuration of *CO, intermediate bind to the catalyst surface
determines the production of HCOO™ and CO, with the former
requiring a weaker binding force and the latter requiring a stronger
one***_ Hence, the presence of CO in E.BDD demonstrates that
adding a small quantity of sp>C can enhance the binding energy of the
intermediate. More interestingly, we detected small amount of acetate
in the liquid phase (8.2% FE at 1.5V vs. RHE). This prompted us to
suspect that a higher proportion of sp>C might further enhance the
activity for acetate formation. Exactly, with greater sp>C content,
EmBDD achieves the maximum FE of acetate (CH;COO", 33.5% FE at

-1.5V vs. RHE) with a total current density of 15 mA cm™ (Fig. 2a) and
the FE of CO decreased markedly from 37.3% to 23.7% (Supplementary
Fig. 19a). However, under heavy etching conditions, the CO, reduction
efficiency of E;BDD decreases significantly (CH;COO™ 10.2% FE and CO
16.3% FE at -1.5V vs. RHE), and HER dominated (H,, 61.3% FE at -1.5V
vs. RHE) (Supplementary Figs. 18c and 19). This may be attributed to
the fact that the entire surface of the sp*-C structure is covered with
excess sp*-C, which is favorable for HER over CO,RR***. Therefore, the
introduction of sp?-C can improve the adsorption properties of the sp*
C structure. The pure sp*-C structure can only convert CO, into HCOO~
due to its weak CO, binding ability®®, but excessive sp>-C would
accelerate H, production (Fig. 2b). Only an appropriate proportion of
sp?-C can balance adsorption properties, allowing more *CO and other
C; intermediates to be retained and coupled to yield CH;COO™ (Sup-
plementary Figs. 19 and 20). These results confirm the potential for
adjusting the adsorption equilibrium of reaction intermediates by
tuning the sp*/sp*C proportion, indicating that p-region elements
serving as catalytic sites break the linear relationship of metal sites.

To reveal the changes in intrinsic catalytic activity and electro-
chemical properties induced by etching, the electrochemically active
surface area (ECSA) of BDD and E-BDD electrodes was measured
(Supplementary Figs. 21). The ECSA increases gradually with the
increased etching power, indicating that more active sites are exposed
after etching. After calculating the current density normalized by
ECSA, EvBDD still exhibits the highest acetate current density, indi-
cating that its intrinsic activity is indeed enhanced, which may corre-
spond to a possible change in the acetate generation pathway
(Supplementary Fig. 22).

We recognize that the low solubility of CO, in the H-cell may limit
the activity of our prepared E-BDD electrodes. We propose further
surface modification of the electrodes to enhance the local CO, con-
centration (see below for detailed analysis). Inspired by previous
reports*>* and considering the Lewis acidity of CO,, we suggest using
basic amino groups for surface functionalization. As expected, a sig-
nificant enhancement in the FE of acetate was observed upon the
introduction of amino groups onto the EyBDD surface (Ey;BDD-NH,).
This modification was achieved through electroreduction amination***
(details in Methods and Supplementary Figs. 23 and 24), with the carbon
structure of EyBDD-NH, remaining unchanged relative to EyBDD
(Supplementary Figs. 25-27). For EyJBDD-NH,, the introduction of the
amino group significantly increased the current density of Ey;BDD-NH,
compared to the unmodified counterpart (Supplementary Fig. 28) and
led to a reduction in the competing hydrogen evolution reaction. The FE
of CH;COO™ reached 62.7% at —1.5 V vs. RHE with a total current density
of 23mA cm™ (Fig. 2c) and the ECSA shows no significant increase
(Supplementary Fig. 29). Compared to E\BDD, the FE of acetate showed
an overall improvement with a 1.9-fold increase at the optimal potential
(Supplementary Fig. 30). To elucidate the function of the amino group,
both BDD electrode and graphite electrode were also modified with the
amino group. Despite these modifications, the product distribution
remained unchanged, with no acetate detected (Supplementary Fig. 31),
reaffirming the heterostructure composed of sp>C and sp*-C is crucial
for acetate production.

Given that carbon-based materials are employed as electrodes, it
is essential to trace the origin of the carbon present in the products.
First, trace analysis using inductively coupled plasma mass spectro-
metry (ICP-MS) verified the absence of detectable metal impurities in
both the electrode and the testing system, ruling out the possibility of
catalytic effect from metal impurities (Supplementary Table 1). Next,
we employed *CO, as raw gas for isotope labeling experiments on
EmBDD and EyBDD-NH.. Liquid products in electrolytes were analyzed
by 'H-NMR and mass spectrometry (MS) confirmed that the carbon in
acetate originated from ®CO, (Supplementary Figs. 32-35). The FE for
acetate production under ®*CO, labeling conditions was 60.4%, closely
matching the value of 62.7% determined under unlabeled CO, at
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Fig. 2 | Electrocatalytic CO,RR performances. a Product distribution afforded by
EmBDD after 3 h CO,RR. b CO,RR product selectivity (FE, %) productions on BDD,
E,BDD, E\BDD, and E;BDD at the potential of —1.5V vs. RHE after 3 h reaction.

¢ Product distribution afforded by Ey;BDD-NH, after 3 h CO,RR. d Current density-
time (j-t) curves of EBDD-NH, under the temporal evolution at the potential of
-1.5V vs. RHE for 100 h. e Comparison of the acetate/acetic acid FE, current density,
and stability in CO,RR between Ey,BDD-NH, in this work and the state-of-the-art

Acetate/acetic acid FE (%)

catalysts in the literature (see Supplementary Table 2 for details), where the bubble
scale represents the logarithm of stability (h) to the base of 10. All electrochemical
tests were conducted in a CO,-saturated 0.1M KHCO; (pH = 6.81) electrolyte
solution at room temperature (25 °C) without iR compensation. Error bars repre-
sent the standard deviation from at least three independent measurements. Source
data are provided as a Source Data file.

identical potentials. The results confirmed that the carbon of the
acetate product was derived from CO,. No acetate was detected in the
absence of CO,, catalyst, or applied potential (Supplementary Fig. 36).

Durability of Ey;BDD-NH, toward CH;COO" electrosynthesis was
also assessed, with the final FE remaining above 50% after 100 h of
continuous electrolysis (Fig. 2d). Post-reaction analysis shows no sig-
nificant changes in topography and crystal structure of Ey;BDD-NH,
(Supplementary Fig. 37). Meanwhile, XPS analysis confirms the
unchanged carbon hybridization structures and integrity of surface
amino groups (Supplementary Fig. 38).

The FE of CH3COO", current density, and stability were further
compared with those reported previously (Fig. 2e and Supplementary
Table 2). EyBDD-NH, demonstrates a higher FE for acetate than the
majority of catalysts reported thus far (with some catalysts exhibiting
FEs below 50%) along with a higher CO,RR current density of
23 mA cm™. Acetate as the sole C,. liquid-phase product significantly
reduces the costs of subsequent separation processes. Moreover,
thanks to its stable diamond structure, the use of E,\BDD-NH, reduces
the frequency of electrode replacement during continuous acetate
production, thereby helping to lower operational costs.

Overall, E\BDD-NH, exhibits notable long-term stability and
electroreduction performance for CO, conversion into acetate. To the
best of our knowledge, few studies can achieve such long-term stability
for the CO,RR to acetate products at an acetate partial current density
of exceeding 14 mA cm™. Therefore, the present EyBDD-NH, demon-
strates great promise for the direct conversion of CO, into acetate
products, especially when utilizing a non-metal catalyst.

The formation mechanism of acetate on sp>C and sp*-C
heterostructure

As a heterogeneous catalytic process, strong CO, binding is typically
regarded as a crucial stage for CO, reduction. To understand the

mechanism that the CO, reduction products changed after etching, we
conducted CO, temperature-programmed desorption (CO,-TPD) on
unetched BDD and E-BDDs (Fig. 3a). Due to the differences in specific
surface area among the unetched BDD and E-BDDs, the CO, binding
strength was assessed by the desorption temperature rather than the
desorption amount. The unetched BDD surface possesses negligible
CO, adsorption capability, with only a faint CO, desorption signal at
temperatures below 100 °C (physical absorptions). Due to the weak
adsorption capacity of unetched BDD for CO,, a carbon-terminal
hydrogenation process is more likely to occur, resulting in formate
becoming the main product of CO, reduction?”. In contrast, after
etching, new broad CO, desorption bands appear in the 200 °C to
400°C interval, indicating that the sp>C in E-BDDs facilitate CO,
binding via stronger adsorption modes (chemical absorptions)*.
Enhancing the CO, binding strength would help lower the activation
free energy of the reaction and promote the formation of deeply
reduced products such as acetate.

For further insights into the possible intermediates and pathways
of CO, reduction to acetate, in-situ attenuated total reflectance-
surface-enhanced infrared absorption spectroscopy (ATR-SEIRAS,
details in Methods, Supplementary Fig. 39) were performed on the
pristine unetched BDD and EyBDD electrodes using CO, as the reac-
tant (Supplementary Fig. 40 and Fig. 3b). With the applied potentials
from -1.1to -2 V us. RHE, no obvious absorption peak of *CO stretching
vibration (to CO product) is detected between 1900 and 2100 cm™ on
the BDD surface (Supplementary Fig. 40), implying that the unetched
BDD sample has minimal production and adsorption capacity of CO*,
which is consistent well with the electrochemical data. However, the
distinctive *OCHO signal, as the primary intermediate for HCOOH®,
was observed at ~1382 cm™ on unetched BDD. This observation lends
further support to the efficient generation of HCOOH by unetched
BDD, which is consistent with the density functional theory (DFT)
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sp3-C

calculation (Supplementary Fig. 41a). In the case of Ey\BDD (Fig. 3b),
scanning the applied potential from —0.8 to -1.1V us. RHE reveals three
infrared absorption bands at 2060, 1659, and 1420 cm, attributed to
atop-bounded *CO, (linear) (*denotes the adsorbed species), the
bending mode of H,0 and *COOH species, respectively***°. Further
scanning to -1.2'V vs. RHE, two new bands form at around 1835 and
1746 cm™ that could be ascribed to the bridge-bounded *COg (bridge)
and *CHO species'*’. The formation potential of *CHO matches that of
*COg, suggesting that *CHO may be formed via hydrogenation of
*COg". Additionally, an inverse relationship between the intensity of
the *CO_ and *COg peaks was observed. Notably, the intensity of the
*CO peak continuously increased, implying that it is not converted to
*CHO**%, In addition, the intensities of the *CO, and *CHO bands
increased when scanning to more negative potentials (-1.3V to -1.6 V
vs. RHE), consistent with the trend of acetate formation. In summary,
these suggest the *CO, and *CHO intermediates play a key role in
acetate formation on EyBDD. Based on these observations, we

hypothesize a potential mechanism for acetate formation. Initially,
CO, is reduced to form *CO, and *COg. Subsequently, *COg undergoes
hydrogenation to form *CHO, which then couples with other *CO, or
*CHO to produce acetate’?. However, due to the weaker binding
strength of *COy, it may desorb before reacting, leading to the for-
mation of CO as a byproduct.

Considering the important role of *CO on acetate formation'®**,
the binding strength of *CO on different catalysts was further com-
pared by measuring the desorption rate of *CO with the ATR-SEIRAS™.
To estimate the *CO desorption rate constant, the peak area of linearly
bound *CO near 2060 cm™ in the ATR-SEIRAS was monitored at 0.5V
vs. RHE, at which no CORR is expected to occur. The CO-saturated
electrolyte is first transferred to the reactor. After the CO adsorption
equilibrium was established, CO was switched to Ar gas while simul-
taneously introducing Ar-saturated electrolyte. The IR spectra of
adsorbed *CO on the BDD and E\BDD samples were recorded over
time (Fig. 3c). In the initial state, the intensity of the *CO adsorption
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band on EyBDD is significantly higher than that on BDD, indicating that
EMBDD possesses a higher adsorption capacity for *CO. When
switching to Ar gas, the adsorbed *CO band of the BDD decreases
rapidly, and the *CO band could no longer be observed after about
30s. While the *CO band of EyBDD weakened slowly, reaching its
lowest value after 90 s.

In order to obtain an intuitive quantitative comparison, the decay
of *CO coverage over time was tracked by integrating and normalizing
the *CO infrared absorption band areas (Supplementary Fig. 42). At
t=0s (when catalyst surface was saturated with *CO), the coverage
was defined as the maximum (6, =1). The *CO desorption kinetics were
analyzed by fitting the data to the first-order rate expression®:

0, =0, exp(—k4t) @

where k; denotes the *CO desorption rate constant, while 8, and 6,
correspond to the *CO coverage at any time and t=0s, respectively.
The derived k, values were 0.017 s for Ey,BDD and 0.128 s™! for BDD,
indicating a significantly faster *CO desorption rate on BDD compared
to EyBDD. These results demonstrate a stronger *CO binding on the
EnmBDD surface. Moreover, when the atmosphere is switched back to
CO, the adsorption peak strength of *CO gradually returns to the initial
state, indicating that the precisely controlled sp*C/sp>-C hetero-
structure of EyBDD exhibits a moderately reversible adsorption cap-
ability for *CO. According to the Sabatier principle, this moderate
adsorption of *CO intermediates, which is neither too weak to cause
premature desorption nor too strong to poison the surface, is key to
the ability of Ey,BDD to selectively produce acetate.

To gain atomic-level insights into the effect of carbon configura-
tion (hybridization), we performed DFT calculations to obtain the free
energy diagram for the reaction pathway of CO, to HCOOH or
CH5COOH on diamond (sp?), graphite (sp?), and E-BDD (sp*/sp?) (Fig. 3d
and Supplementary Fig. 41, details in Methods). As revealed by AC-TEM
observations, the (101) surface of sp>-C was exposed while the sp*-C
layer grew along the [111] orientation. Therefore, we constructed DFT
models to reflect these experimentally observed features. In this
configuration, the graphite layer connects to the (101) surface atoms of
diamond along the [111] orientation, forming an interface of sp>C and
sp*-C, while C atoms on the opposite side of graphite were passivated
by H atoms to stabilize the framework®*? (Supplementary Data 1 and
Supplementary Fig. 43c).

Our calculations reveal that E-BDD (sp*/sp?) exhibits a greater
affinity for binding the carbon terminal of CO, and converting it to *CO
(Supplementary Figs. 44a and 45), with the lowest reaction energy of
-0.54 eV (Fig. 3d and Supplementary Fig. 41). In contrast, the conver-
sion of CO, to *CO is significantly more challenging on the surface of
diamond (sp®) or graphite (sp?) (Supplementary Fig. 41b). On the dia-
mond surface, *CO, preferentially binds via the oxygen terminal
(Supplementary Fig. 44b), ultimately converting to HCOOH (Supple-
mentary Fig. 41a), as supported by in-situ ATR-SEIRAS results (Sup-
plementary Fig. 40). To demonstrate the subsequent conversion of
*CO, two principal pathways for C,. production were evaluated. The
first involves direct C-C coupling between two *CO intermediates to
form C,. products. The second pathway involves hydrogenation of
*CO, forming either *CHO or *COH intermediates, which then undergo
C-C coupling. The results indicate that on the E-BDD surface, the *CHO
intermediate is the dominant stable species due to the preferred
hydrogenation on the C atom of *CO (Supplementary Fig. 46).
Accordingly, the coupling of *CO and *CHO is identified as the pre-
dominant route for acetate formation on E-BDD surfaces, consistent
with in-situ spectroscopy observations. Bader charge analysis further
corroborates this observation, revealing significantly greater charge
transfer on carbon atoms upon *CHO and *CO dimerization compared
to the *CO-*CO pathway (Supplementary Fig. 47). We also examined
the hydrogenation steps following C-C coupling in the *CO-*CO and

*CHO-*CO pathways (Fig. 3d). The lowest-energy route for *CO-*CO
hydrogenation proceeds via *CO-*COH formation, but requires over-
coming a high free energy barrier of 2.69 eV. In contrast, the hydro-
genation of the *CHO-*CO intermediate has a significantly lower
barrier of 1.63 eV. Thus, the *CHO-*CO pathway is concluded to be the
most energetically favorable route for acetate formation.

The data presented above substantiate the assertion that the
fabrication of a heterostructure comprising sp>-C and sp*-C enhances
the affinity of the diamond electrode to CO, and reaction inter-
mediates, and finally realizes the conversion of CO, to acetate (Fig. 3e).
Conversely, pure sp*C structure exhibits a weak binding to CO,, with
the preference for hydrogenation at the carbon terminal, resulting in
the formation of formic acid as the primary product. On the other
hand, upon introducing the sp>C, the bonding strength of CO, and CO
on the catalyst surface increases. The adsorbed *CO, is hydrogenated
at the oxygen end to form two different *CO intermediates on EyBDD.
*COg is preferentially hydrogenated to form *CHO, which immediately
couples to *CO,. Eventually, the asymmetric *CO-*CHO intermediate
is converted to acetate by further hydrogenation. Excessive sp*C
structure can cover the catalyst surface, leading to masking of sp*-C
sites, which would weaken the capability of CO,RR. Therefore, a
moderate sp> modification regulates the adsorption balance of key
reaction intermediates such as *CO,, CO*, and *H, which is key to the
formation of acetate.

The CO, capture effect of amino groups

As mentioned above, the amino groups were observed to further
enhance the FE of acetate, primarily by facilitating the capture of CO,
on the catalyst surface. To verify this, we investigated the CO,
adsorption capacity of EyyBDD-NH, using CO,-TPD. Since the specific
surface area remained essentially unchanged after amino modification
of EyBDD, the observed changes in CO, desorption behavior should
primarily result from the amino functionalization. The intensity of the
CO, desorption peak below 100°C remains unchanged (Fig. 4a).
However, a significant increase in the intensity of the desorption peak
was observed in the high-temperature region (200 to 400 °C), sug-
gesting that the introduction of the amino group enhances the che-
misorption of CO,. In addition, blank control experiments were
conducted on the Ey,BDD-NH,, confirming that the CO, signal does not
originate from electrode decomposition (Supplementary Fig. 48).

Similarly, ATR-SEIRAS was also used to investigate the CO,
reduction process on EyBDD-NH, (Fig. 4b). The observations from
ATR-SEIRAS on EMBDD-NH, are almost identical to those on EyBDD,
with the key intermediates (*COOH, *CO,, *COg, and *CHO) for acetate
formation remaining consistent. Thus, the pathway of acetate forma-
tion remains unaltered, reaffirming that the reaction sites are still sp>-C
and sp*-C heterostructure (Supplementary Fig. 31). Interestingly, a new
infrared absorption band of the symmetric N-H deformation vibration
in carbamate shifts (SN-H, 1495 cm™) was identified, resulting from the
combination of the amino group with CO,”. This observation suggests
that the amino group possesses the capacity to capture CO,.

We further investigated the impact of amino groups on the
adsorption properties of CO and the conversion of CO to acetate by
conducting CO desorption tests and CO reduction reactions (Supple-
mentary Fig. 49 and Fig. 4c). Using the same quantification methods
mentioned above, the k, values are determined as 0.017 s™ for Ey,BDD
and 0.018s™ for EyBDD-NH,, indicating that the presence of amino
groups on the catalyst surface does not significantly alter the CO
adsorption strength. In addition, the effect of aminos on the conver-
sion of CO to acetate was further explored by performing CO reduc-
tion on both EyBDD and EyBDD-NH, under different potentials (-1.3
to —1.6 V us. RHE) (Fig. 4d). The formation of acetate via CO reduction
confirms that the reaction pathway involves an intermediate *CO
species, while the similar acetate yields suggest that the introduction
of amino groups does not accelerate the subsequent conversion of
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Fig. 4 | Investigations of the effect of the amino group in facilitating the for-
mation of acetate. a CO,-TPD of BDD, Ey,BDD, and Ey;BDD-NH,. b In situ ATR-
SEIRAS recorded at different applied potentials for the Ey;BDD-NH, in 0.1 M KHCO3
electrolyte. ¢ Normalized CO coverage obtained from the CO band in ATR-SEIRAS
of EyBDD and Ey,BDD-NH, as a function of time. d Acetate yield by CO reduction on

Potential (V vs. RHE)

EmBDD and EyBDD-NH, at various applied potentials (vs. RHE) in 0.1M KHCO;
(pH = 8.52) at room temperature (25 °C) without iR compensation. The error bars
represent the standard deviations from at least three independent measurements.
Source data are provided as a Source Data file.

*CO intermediates to acetate. Given these results, it is reasonable to
conclude that the observed increase in acetate yield can be mainly
attributed to an enhanced capability of the catalyst to capture CO,.

Discussion

In summary, we have devised a deposition-etching strategy for
precise control of sp?-C and sp>C heterostructures, effectively
modulating the electronic structure and adsorption characteristics
at heterogeneous interfaces. CO,-TPD and CO desorption kinetics
experiment revealed that the introduction of sp>-C on the surface
modifies the adsorption dynamics of key intermediates such as *CO,
and *CO, thus shifting product selectivity from formate to acetate.
Spectroscopic analyses and DFT calculations identified *CO and
*CHO as crucial intermediates in C-C coupling, offering an energetic
advantage over other pathways.

To overcome the limitations of mass transfer and the high acti-
vation barrier of CO,, aminos were introduced to enhance CO,
adsorption and activation, thereby accelerating acetate formation.
Consequently, the EyBDD-NH, electrode achieved a Faradaic effi-
ciency of 62.7% for acetate and a current density of 23 mA cm™ under
ambient conditions. Remarkably, the FE for acetate remained above
50% even after over 100 h of durability testing. The exceptional yield
and stability of the diamond electrodes can be attributed to their
adsorption characteristics and structural integrity. This study marks a
significant advancement in developing efficient and durable electro-
catalysts for converting CO, to acetate.

Nevertheless, significant research efforts remain essential to
advance towards future CO, refineries. Specifically, compared to
CO,RR using high-purity CO,, utilizing low-concentration CO,
sources like flue gas offers both greater value and greater chal-
lenges. Therefore, future research should focus on the design of
novel flow reactor systems, the fabrication of porous and

hydrophobic BDD electrodes, and the development of new surface
functionalization groups—all of which are crucial for enhancing gas
capture and mass transport rates.

Methods

Material

CO,, H,, Ar, CHy4, and CO were all supplied by Air Liquide (299.999%).
C3HoB (=99.999%) was purchased from Dalian Special Gas Co. Ltd.
KHCO3 (AR) and KNO; (AR), phenol (GC), DMSO (GC), and K,CO5 (98
atom% “C) were purchased from Sigma-Aldrich Industrial Co., Ltd.
BCO, was purchased from Global Rare Gases. The reagents were used
without any purification process. Ultra-purity water (18.25 MQ-cm)
supplied by a UP Water Purification System was used in the whole
experimental process.

System configuration

ICP-RIE System Configuration. The custom-designed inductively cou-
pled plasma reactive ion etching (ICP-RIE) system (Supplementary
Fig. 1) employs a modular architecture centered around a dielectric-
material (quartz) vacuum chamber (12-inch diameter). A height-
adjustable two-turn helical copper coil, positioned externally and
concentrically aligned with the vacuum chamber axis (Supplementary
Fig. 2a and 2b), generates ICP plasma through 13.56 MHz RF supply. A
bottom-mounted CCP electrode connected to 13.56 MHz RF supply
through a vacuum feedthrough on pedestal enables optimized dual-
mode plasmainteraction, while the pedestal incorporates double-layer
molybdenum heating elements sustaining 1000 °C process tempera-
tures and a tungsten substrate chuck for enhanced etch resistance and
thermal conductivity. Process gases are precisely regulated via a pre-
cursor manifold with mass flow controllers (MFCs), and then delivered
into the chamber through a height-adjustable showerhead injector to
ensure uniform gas distribution across the pedestal (Supplementary

Nature Communications | (2025)16:10506


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-65504-6

Fig. 2a and 2c). Symmetrically arranged subsystems integrate with the
core vacuum reaction chamber: one module incorporates control
power, vacuum gauges and two tunable RF power supplies (13.56 MHz,
100-1000 W ICP / 0-500 W CCP) coupled to automated impedance
matching networks through transmission lines, while the opposing
module incorporates a hybrid vacuum system combining Roots pump
(1200 L/s) and dry scroll pump, with real-time pressure monitoring via
dual-range vacuum gauges (10 - 10* Torr). This configuration achieves
independent control of plasma density (via ICP power modulation)
and ion bombardment energy (via CCP bias adjustment), enabling the
combination of chemical etching reactions with physical bombard-
ment etching, which results in high etch rates, high etch selectivity,
and low surface damage.

Preparation of E; BDD, EyBDD, and E;BDD

The commercially available as-deposited polycrystalline BDD films
grown on silicon (100) substrate with the 2.45 GHz MPCVD reactor®*?,
The diamond powder as seed, (~1 um, Kemet Corp.) was dispersed in
isopropyl alcohol solution with a concentration of 1 mg/ml. To achieve
a uniform deposition and highly efficient diamond seeding onto the
substrate surface, the silicon wafer (<100>, thickness, -0.50 mm,
resistivity, ~0.001-0.005 Qcm) was subjected to ultrasonication with
diamond seeds slurry for a duration of 1h. Methane (CH,) and tri-
methylboron (C3HoB) were used as the carbon and boron sources,
respectively. The B/C ratio corresponds to the molar ratio of tri-
methylborane to methane (1:1000)*2. The boron doping concentration
was ensured to be below 10 ppm to meet electronic grade require-
ments. The E-BDDs were etched using custom-designed ICP-RIE
equipment®** (Supplementary Fig. 1). The ICP-RIE etcher utilizes
separate CCP and ICP radio frequency (RF) generators to provide
individual control over ion energy and ion density, respectively,
enabling a high process flexibility. The plasma was generated by an ICP
source radio frequency of 13.65 MHz coupled with a CCP source radio
frequency of 13.65MHz. The base pressure was at 10 mTorr. For
E,BDD, H, and Ar were delivered into the chamber, and the flow rate of
H, and Ar were 110 sccm and 90 sccm, respectively. During the RIE, the
ICP and CCP power were 550 W and 100 W, respectively (details in
Supplementary Methods). The showerhead to substate distance was
set to 15 cm and the work pressure was at 0.5 Torr. The molybdenum
stage was heated to 300 °C. The etching time was 20 min. For Ey,BDD,
the CCP power was set to 200 W, and the etching time was 30 min,
other conditions were the same as E;BDD. For E;BDD, the CCP power
was set as 300 W and the etching time was 40 min, other conditions
were the same as E;BDD.

Preparation of Ey;BDD-NH,

The prepared EyBDD electrodes were electrolyzed in 0.5M KNOj
electrolyte (pH = 6.87) at -1.5V vs. RHE for 1h, with platinum as the
counter electrode. A potentiostat (Autolab PGSTAT204, Metrohm)
was used for the pre-reduction. Subsequently, the final samples were
fabricated.

Operational parameters

The E-BDD samples were processed in ICP-RIE system** using H,/Ar
(110/90 sccm) gas at 0.5 Torr chamber pressure, with the molybdenum
pedestal temperature stabilized at 300 °C. For E;BDD fabrication, the
ICP and CCP powers were set to 550 W and 100 W, respectively, fol-
lowed by a 20-minute etching process. Subsequent Ey,BDD processing
maintained identical gas composition and ICP power while increasing
CCP power to 200 W and extending the etching duration to 30 min-
utes. For E4BDD synthesis, the CCP power was further elevated to
300 W with a 40-minute etching period, preserving all other experi-
mental parameters including gas flow rates, chamber pressure, sub-
strate temperature, and ICP power configuration from the E;BDD
protocol.

The energy density characteristics of the dual plasma source were
quantified through two distinct metrics: power density per unit
volume (p,cp, W/cm®) for the ICP subsystem and power density per unit
area (pccp, W/em?) for the CCP subsystem. For the ICP system, where
energy transfer occurs predominantly through the induction coil, the
Picp Was calculated as:

PICP

|/Plasma

Picp=

where Picp represents the RF power input 550 W, and Vjasma denotes
the plasma volume (cm®) within the 15 cm interelectrode gap between
the showerhead and substrate. For the CCP subsystem governing ion
acceleration, pccp Was determined by:

P ccp
Aelectrode

Pccr=

where Pccp is the bias power (100-300 W), and Agjectrode COrresponds
to the substrate electrode area (cm?).

Therefore, multidimensional regulation of plasma energy was
achieved by independently modulating the power parameters of ICP
and CCP. Specifically, the ICP power density (p;cp=50.5W/cm®) sus-
tained a high-density plasma to ensure sufficient radical flux for che-
mical etching, while CCP power density (pccp=0.137-0.412 W/cm?)
regulated ion bombardment energy and rate through bias voltage,
controlling the physical sputtering effects. The synergistic modulation
of ICP and CCP parameters precisely regulated ion flux (®;,,) during
etching, driving concurrent cleavage of sp>-hybridized C-C bonds in
diamond lattices through controlled ion bombardment and defect-
mediated partial sp*-C to sp>-C phase transformation during surface
reconstruction, as validated by Raman spectra analysis (Fig. 1h). Based
on this mechanism, gradient-structured BDD samples were fabricated
through controlled ion flux modulation, designated as E;BDD (low
®;on), EMBDD (medium ®,,,,), and E4BDD (high @;,,,).

Characterizations

Field emission scanning electron microscopy (FESEM) images (Hitachi
S-4800) were obtained with an acceleration voltage of 3kV.
Aberration-corrected Transmission electron microscopy (AC-TEM)
and high-resolution TEM (HR-TEM) analyses were performed on JEM-
ARM300F2 WGP with an acceleration voltage of 300 kV. Aberration-
corrected scanning transmission electron microscopy (AC-STEM)
micrographs were obtained by employing a HAADF detector (JEM-
ARM300F2 FHP). The electron-beam damage to the TEM and STEM
specimen was consciously avoided or minimized in the TEM and STEM
observations. In low-magnification BF-STEM mode, the electron irra-
diation dose is relatively low, which does not induce significant
damage to the sample. For high-resolution STEM observations, a very
low beam current of 50 pA was used to reduce irradiation damage,
with a short dwelling time of 0.2 ps. BF, low-angle ADF (LAADF) and
HAADF images were obtained by combining 20 frames from acquired
series with drift correction (ETA corrector). No noticeable changes in
the interface structure were found by comparing these frames, indi-
cating that electron irradiation damage on the interface structure is
negligible. The probe convergence angle was set to 25 mrad. The col-
lecting angles of BF and LAADF were set to 6 mrad and 16-62 mrad,
respectively. The collecting angle of HAADF was set to 65-200 mrad to
eliminate effects of coherent scattering. Electron energy loss spec-
troscopy (EELS) spectrum was performed using a Quantum ER/965 P
electron detector. The multiple linear least squares (MLLS) standards-
based quantification tool in DigitalMicrograph was used to generate
the carbon distribution. This work was conducted at the Advanced
Instrument Analysis and Testing Center, School of Chemical Engi-
neering and Technology, Tianjin University. Plural scattering
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correction was enabled to account for variations in the sample thick-
ness. Grazing incidence X-ray diffraction (GIXRD) measurements were
performed using a Smartlab 9KW (Japan) X-ray diffractometer with a
grazing incidence angle of 0.2°. X-ray photoelectron spectroscopy
(XPS) analyses of samples were conducted using a K-Alpha (PHI 1600
ESCA system) XPS spectrometer with an Al Ka X-radiation (1486.6 eV).
The carbon structure was determined by a confocal LabRAMHR Evo-
lution, Horiba Jobin Yvon Raman microscopy system and the excita-
tion source was a 532 nm laser. For each spectrum, the average of 8
consecutively acquired spectra was calculated with an acquisition time
of 10 s per spectrum.

Ultra-thin cross-section TEM sample preparation

To ensure the sample resolution, a 50 nm Al,O3 protective layer was
pre-deposited on the sample via atomic layer deposition (ALD). Then,
the sample was protected by FIB-deposited metal (platinum in the FEI-
FIB system), and final thinning to accomplish electron transparency
was achieved by using an 8 kV ion beam (Supplementary Fig. 5). To
eliminate grain overlaps in AC-TEM and AC-STEM imaging, foils
~60 nm thick were prepared using a focused ion beam (FIB, FEI-Helios
NanoLab 460HP), followed by a lift-out process to transfer the thin
membrane onto a TEM grid with a micromanipulator. The foils were
further thinned to -~10nm using low-energy argon-ion milling
(Fischione Model 1040 NanoMill).

Electrochemical measurements

Electrochemical experiments were conducted using an Autolab
PGSTAT204 workstation (Metrohm), which controlled a custom-
designed, gas-tight, two-compartment electrochemical cell system
fabricated by Gaossunion Co., Ltd. (Supplementary Fig. 13). The
counter electrode was a platinum foil, and an Ag/AgCl electrode
(saturated KCI, Gaossunion Co., Ltd., Tianjin) served as the reference.
The reference electrode (Ag/AgCl) was calibrated in a 0.5M H,SO,
solution saturated with H, for 30 min prior to measurement. A Nafion™
212 proton exchange membrane (Chemours) separated the counter
and working electrodes. The working compartment contained 20 mL
of electrolyte in a sealed chamber, enabling the measurement of gas-
eous products during the test. CO, reduction was carried outina 0.1M
KHCO; solution (pH = 8.52, before CO, saturation), which was CO,-
saturated at room temperature (25°C) and atmospheric pressure
(pH = 6.81, after CO, saturation). All the electrolytes were prepared on-
site before the test. To eliminate residual air in the reservoir, CO,
(99.999%, Air Liquide Co., Ltd.) was purged into the electrolyte for
30 minutes. The flow rate of the CO, gas flowing into the cathode
compartment was maintained at 20 sccm by a mass flow controller
(MC-Series, Alicat Scientific). Products were quantified after passing
50 C of charge through the cathode, with measurements taken from at
least three replicates to obtain an average value with standard devia-
tion. The electrochemical surface area (ECSA) was determined via
double-layer capacitance (Cp;) measurements.

CO; reduction electrolysis and products analysis

The gas products of the CO, electrocatalytic reduction were quantified
using an online multiple gas chromatography (GC7890B, Agilent
Technologies, Inc.). The setup included a thermal conductivity detec-
tor (TCD) connected to a MolSieve 5 A packed column (Agilent Tech-
nologies, Inc.) for H, detection, and a flame ionization detector (FID 1)
connected to a Porapak Q packed column (Agilent Technologies, Inc.)
for CO detection. To enable more sensitive CO detection, a methanizer
was installed for FID 1. Additionally, a second flame ionization detector
(FID 2), connected to an HP-PLOT Al,O; capillary column (Agilent
Technologies, Inc.), was employed to detect hydrocarbons (C;H, and
C,Hg). Argon was used as the carrier gas during all measurements.
Liquid products dissolved in the catholyte were quantified by 'H
Nuclear Magnetic Resonance ("H NMR) spectroscopy at 600 MHz

(JEOL ECZ 600R). 10 mM diluted Dimethyl sulfoxide (DMSO) and
50 mM phenol were added as an internal standard for the identification
and quantification of liquid products. Electrochemical impedance
spectroscopy (EIS) measurements were performed at the open-circuit
potential over a frequency range of 0.1 to 105 Hz. All potentials were
not iR corrected. Linear sweep voltammetry (LSV) scans were recorded
in CO,-saturated 0.1 M KHCO;3 (pH = 6.81), with potentials referenced
to the reversible hydrogen electrode (RHE) scale, calculated using the
equation: Es. rue) = Evs. ag/agen +0.197 V +0.0591 x pH. During the CO
reduction reaction (CORR) experiment, a constant flow of a CO/N,
mixture (10 sccm CO, 20 sccm N) was introduced into the gas
compartment.

Liquid products quantification

The liquid products were collected from the cathode and anode
chambers after electrolysis. 'H-NMR spectra were acquired using a
JEOL ECZ 600R 600 MHz spectrometer with solvent suppression.
Inverse gated decoupling technology is used unless otherwise stated.
For 'H-NMR analysis, 400 L of electrolyte was mixed with 100 uL of a
solution containing 10 mM DMSO and 50 mM phenol in D,0 as internal
standards. After vortex mixing for 60 seconds to ensure homogeneity,
the sample was transferred to a 5mm NMR tube. Phenol and DMSO
were chosen as internal standards because they did not interfere with
peaks arising from CO, reduction products and are non-volatile,
allowing the same standard solution to be used and stored for all
product measurements without appreciable change in concentration.
Spectra were acquired using a zg30 pulse sequence with a relaxation
delay of 5 s and 64 scans. To quantify the reaction products, the area of
product peaks to the right of the water peak was compared to the area
of the DMSO peak (chemical shift 6 = 2.6 ppm), and the area of product
peaks to the left of the water peak was compared to the area of the
phenol peak (6 =7.2 ppm)**. The coulombs required to produce the
measured concentration of each product were calculated and divided
by the total coulombs passed during chronoamperometry to deter-
mine the Faradaic efficiency. To avoid loss of volatile species, all
electrolytes containing liquid products were stored at 4 °C. During the
100-h stability test, sampling was performed at 13 time points over
100 h (average interval -7 h). All experiments were performed with a
minimum of three replicates comprising identical, independent elec-
trolysis runs with full sampling and analytical protocols. Error bars
quantifying uncertainty in Faradaic efficiency values were derived from
these technical replicates (n > 3), representing experimental reprodu-
cibility across multiple independent measurements.

Detection limits for CO2RR products

Gas products were quantified using online multi-channel gas chro-
matography (GC), with H, analyzed via TCD at an empirical detection
limit (LOD) of 10 ppm, and CO via FID at an LOD of 0.1 ppm. Liquid
products were collected from the cathode and anode chambers after
electrolysis and analyzed by HPLC and 'H-NMR (Methods in Support-
ing Information). HPLC with UV-vis detection at 210 nm was employed
as one of the quantitative methods, with samples acidified to pH <3
prior to analysis to sharpen chromatographic peaks and minimize
matrix interference from the KHCOj; electrolyte. For the acetic acid as
primary liquid product, through a 7-point calibration curve in 0.1M
KHCOs, the empirical detection limit (LOD, S/N > 3) was determined as
~-10 ppm (0.17 mM), with the reliable quantification range (LOQ, S/
N>10) established at 10-500 ppm (0.17-8.33 mM). Cross-validation
was performed via '"H-NMR (JEOL ECZ 600 R 600 MHz) employing an
internal standard and 64 scans, targeting the methyl resonance of
acetate at 6=1.91ppm. This method achieved enhanced sensitivity
with an LOD of -0.05mM (3 pM/ppm-level), confirming all HPLC-
reported acetic acid concentrations exceeded LOQs of both techni-
ques. Critically, no acetic acid signal was detected in blank electrolyte
or anolyte controls.
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Analysis of CO,RR products

The Faradaic efficiency (FE) for each product was calculated based on
the number of electrons required for its formation and the total charge
passed, according to the following equation:

product moles x number of e~ needed for conversion
moles of e~ passed

FE(%) = x100%

For gaseous products:

Products moles = concentration x flow rate/molar volume x time
moles of e~ passed = current x time/Faraday constant

For liquid products:

Products moles = concentration x liquid volume

moles of e~ passed = current x time/Faraday constant

Isotope labeling experiments

For CO, reduction, a 0.05M electrolyte of “C-labeled K,CO3 was
employed. Pure 3CO, was introduced at 10 sccm for at least 20 min-
utes to prepare a 0.1 M ®C-labeled KHCO; electrolyte. Prior to testing,
the cell was purged with argon to remove impurities. For '"H-NMR
analysis, 2C-labeled liquid products were analyzed identically to non-
labeled CO, reduction products, using a diluted DMSO in DO as an
internal standard. For acetate detection via MS, the electrolyte was
acidified with HCI, and acetic acid was extracted into dichloromethane.
The extract was analyzed by gas chromatography-mass spectrometry
(GC-MS) using a Trace 1300 GC coupled to an ISQ 7000 single quad-
rupole MS system equipped with a DB-FFAP capillary column
(30 mx0.32 mm x 0.5 pm).

ICP-MS analysis

The 0.3283 g sample of the EyBDD-NH, catalyst was subjected to
microwave-assisted acid digestion employing 8 mL aqua regia (HNO3:
HCI) and 2 mL HF, following a carefully controlled temperature pro-
gram (120 °C pre-digestion for 30 min; then ramped to 130 °C/3 min
hold, 150 °C/3 min hold/10 min hold, 180 °C/3 min hold/30 min hold).
After cooling, the digestate was diluted to 25 mL with deionized water
for analysis on an Agilent 7800 ICP-MS (the detection limits are ppb
level). The results conclusively demonstrate that the total content of
detectable transition metal elements specifically associated with
potential contamination sources (including Fe, Ni, Cr, and others) is
exceptionally low, with all measured levels below 5ppm. The pre-
dominant elements detected were alkali and alkaline earth metals (Ca:
15.676 ppm, K: 14.663 ppm, Na: 10.314 ppm) (Supplementary Table. 1),
consistent with environmental background levels and unrelated to the
reactor, electrolyte, or counter electrode. This result is consistent with
the characterization of XPS/EDS without metal signals, which confirms
that the catalytic activity originates from the intrinsic non-metallic
active sites of BDD, and excludes metal contamination introduced by
equipment or reagents.

CO, temperature-programmed desorption (CO,-TPD)

CO,-TPD analysis was conducted using a Micromeritics AutoChem Il
2920 equipped with a HIDEN QIC-20 mass spectrometer (MS). To
accurately characterize the CO, adsorption behavior of the catalyst,
the BDD samples (0.9 cm x 3 cm) with dual-side deposition and etch-
ing treatment were placed in a quartz U-tube. Prior to analysis, the
catalyst underwent pretreatment at 200 °C for 1 h under continuous Ar

flow (30 sccm) to remove moisture and surface contaminants. The
system was subsequently cooled to 50 °C under Ar atmosphere, fol-
lowed by CO, adsorption through switching the carrier gas to CO,
(30 sccm) for saturation exposure. Then, the gas flow was reverted to
Ar for 1 h purge to remove physically adsorbed CO,. The temperature-
programmed desorption was then initiated with a linear heating ramp
from 50 °C to 600 °C at 5°C/min under Ar flow (10 sccm). The des-
orbed gas component was continuously monitored and recorded
using the online MS. The MS signals presented in the TPD profiles were
subtracted by the background signal obtained from a blank experi-
ment with an empty U-tube under identical conditions.

In-situ ATR-SEIRAS measurements

Au nanofilms were directly deposited on the reflecting plane of a Si
prism through a modified electroless chemical deposition technique
described by Xu et al. *. The spectroelectrochemical cell was pro-
duced by Gaossunion Co., Ltd., Tianjin, according to the design of Xu
et al. *(Supplementary Fig. 39b). The Pt counter electrode was sepa-
rated from the catalyst film working electrode and the saturated Ag/
AgCl reference electrode by a piece of proton exchange membrane
(Nafion™ 212, Chemours) and 0.1 M KHCO; was used as the electrolyte.
The electrochemical cell was integrated into a Fourier-transform
infrared (FTIR) spectrometer (is50, Nicolet) using a modified accessory
set at a 60° angle of incidence (VeeMax IlI, PIKE Technology) (Sup-
plementary Fig. 39a). All the spectra were recorded with a resolution of
4 cm’’. Absorption spectra are presented with positive peaks indicat-
ing an increase in signal and negative peaks indicating a decrease in
signal. BDD, EyBDD, and EyBDD-NH, were deposited onto Au nano-
coated Si prisms as previously described. For each electrode, a back-
ground measurement was made at +0.1V vs. RHE in the Ar-saturated
electrolyte. Electrochemical measurements were conducted with a
potentiostat (CompactStat.e20250, IVIUM).

Computational details

All the spin-polarized DFT calculations were performed with the Vienna
Ab initio Simulation Package (VASP, 5.4.4 version)” under the frame-
work of projector augmented wave method***°. The generalized gra-
dient approximation (GGA) of the Perdew-Burke-Ernzerhof (PBE)
functional was employed as the exchange-correlation functional®®. The
valence wave functions were expanded by plane wave with a cutoff
energy of 400 eV, while all the structures were optimized until the force
on each atom was less than 0.02eVA™. 2x2 (101) surface model of
diamond was constructed to represent sp*-C while sp?-C was represented
by 2 x 2 graphite layer (Supplementary Fig. 43a and b). For the sp*-sp?
hybrid model, the 2 x 2 graphene layer was optimized on the surface of
diamond®** (Supplementary Fig. 43c). Notably, these computational
results align with our experimental observations from AC-TEM images.
Gibbs energy of gas phase CO, (g), H; (g) and H,O (g) were used as the
references for the calculation of potential energy diagram, which was
optimized in a 25A x25 A x 25 A unit cell. The conclusions drawn from
our DFT calculations, while providing valuable mechanistic insights,
should be interpreted with caution. The computational models repre-
sent simplified, static systems that may not fully capture the complexity
of the actual catalytic material under operating conditions, including
dynamic surface reconstructions, solvent effects, and varying coverages.
Therefore, the DFT results are viewed as providing supportive guidance
and plausible reaction pathways.

Data availability

Source data are provided with this paper. Figures 1a and 3e were cre-
ated with SOLIDWORKS 3D CAD, 3ds Max, VESTA, and Adobe Illus-
trator CC, all confirmed for commercial publication. Any additional
information relating to this study are available from the corresponding
author upon reasonable request. Source data are provided with
this paper.
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