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ABSTRACT

Precise tailoring of hydrophobic microenvironments surrounding catalytic active sites has emerged as a critical strategy for
enhancing the efficiency of electrochemical CO, reduction reaction. However, covalent modulation of catalyst hydrophobicity is
rarely reported, and the mechanistic influence of hydrophobicity-driven interfacial catalysis remains unclear. Herein, we report a
general synthetic methodology for the covalent immobilization of structurally tunable hydrophobic alkyl chains onto nanocarbon-
loaded single-atom catalysts. The covalently hydrophobic nanocarbon supported Ni single-atom catalysts deliver near-unity CO
selectivity over a broad potential range from —0.5 to —1.2 V (versus the reversible hydrogen electrode) in flow cells. Integrated
spectroscopic, computational kinetic, and thermodynamic analyses reveal that the alkyl chains form hydrophobic barriers by
disrupting interfacial water networks, resulting in a 0.37 eV increase in energy barrier of the hydrogen evolution reaction. The
hydrophobic micro-environment further stabilizes the *COOH intermediate under aqueous conditions, lowering its formation
Gibbs energy (AG) by 0.17 eV relative to unmodified catalysts. This work establishes a universal hydrophobic modification strategy
for carbon-based catalysts that breaks the conventional activity-selectivity trade-off in aqueous electrocatalysis, opening new
opportunities for optimizing gas-consumption electrochemical reactions.

1 | Introduction peting hydrogen evolution reaction (HER) limit the activity and

selectivity of electrochemical CO, reduction reaction (CO,RR),
Electrochemical conversion of CO, into value-added fuels and  hindering its large-scale applications [2]. In addition to catalyst
chemicals using renewable electricity offers a sustainable route  design, rational control of the electrochemical microenvironment
for carbon recycling and climate change mitigation [1]. However, (e.g., local pH, solvation effects, ion concentration gradients,
the sluggish CO, diffusion in aqueous electrolytes and the com- and hydrophobicity) significantly enhances CO,RR activity and
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selectivity [3-7]. Interfacial hydrophobicity has been shown to
strongly influence reaction kinetics, product selectivity, and con-
version efficiency in gas-involving electrochemical reactions [8-
11]. Itis well-known that the CO,RR and HER are competing reac-
tions, both of which are thermodynamically feasible in the operat-
ing potential range of the CO,RR, and the HER reactants (H,O or
H*) are typically abundant near the electrode [12]. The catalyst’s
hydrophobic microenvironment can restrict the supply of proton
donors (H,0) at the electrode-electrolyte interface, suppressing
the competing HER [13]. Furthermore, the catalyst’s hydropho-
bicity can enhance the local gas environment, increasing the
contact area between the catalyst and CO, gas [14]. This facili-
tates CO, enrichment near the catalyst, reducing mass transfer
limitations, and thus improving efficiency and selectivity [15, 16].

So far, a handful of strategies have been explored to regulate
the hydrophobic characteristics of catalytic microenvironments,
most of which rely on physical methods to construct extrinsic
hydrophobicity. Common approaches include mixing or coating
the catalysts with hydrophobic materials such as hydrophobic
graphite [9], per-fluorinated polymers [13, 16, 17], or alkanethiols
[11, 18]. These studies have clearly demonstrated the significant
impacts of the local gas/liquid environments on the catalysts
in gas-involving electrochemical reactions. However, physical
modification strategies face significant limitations: (1) Surface
coatings may block active sites; (2) Hydrophobic polymers
may increase interfacial resistance and energy consumption;
(3) Physically adhered layers are prone to detachment under
operating conditions [3, 19]. Because these methods depend
on non-covalent interactions, they inherently suffer from poor
long-term stability and durability. Consequently, the develop-
ment of covalent hydrophobic modification strategies—capable
of permanently integrating hydrophobic functionality into the
catalyst structure—is both urgent and essential. In recent years,
nitrogen (N)-doped carbon-loaded single-atom catalysts (SACs)
have emerged as promising materials for catalyzing the elec-
trochemical reduction of CO, to C, products, owing to their
unique electronic properties and high atom utilization efficiency
[2, 20, 21]. N doping serves as a crucial strategy in the CO,RR by
modulating the electronic structure of catalysts, enhancing CO,
adsorption, and facilitating the formation of critical intermedi-
ates [22]. Among various N-doped carbon architectures, hollow
carbon nanospheres stand out as three-dimensional supports
with abundant exposed active sites and efficient mass transport
pathways [23, 24]. The N-doped carbon nanospheres, serving as
the host for the metal SACs, play a crucial role in determining
the wettability of the catalysts. However, during the high-
temperature pyrolysis treatment, the micro-crystallites within
the nanocarbon materials exhibit limited long-range order and
possess abundant edge/defect sites. The dangling bonds at these
sites react with moisture to form oxygen-containing functional
groups, imparting the inherent hydrophilicity of the carbon
support [25]. Furthermore, nanocarbon materials often exhibit
high chemical stability due to their paucity of active functional
groups [26]. Hence, it remains a significant challenge to establish
covalently hydrophobic properties on nanocarbon support.

In this study, we develop a class of CO,RR catalysts by syn-
thesizing N-doped hollow carbon nanospheres (NCNS) hosting
atomically dispersed Ni-N, sites via a hard-template method.
Furthermore, the hydrophobicity of these catalysts is precisely

tuned by covalently grafting alkyl chains of varying lengths
onto the carbon nanosphere support (termed as Ni-N,/C,,-NCNS,
where n = 2, 3, or 6). The optimized Ni-N,/C,-NCNS catalyst
compared to an initial Ni-N,/NCNS catalyst shows substan-
tially decreased HER activity and higher Faradaic efficiency for
CO production (FE¢g), and outstanding waterflooding-resistant
ability. The enhanced catalytic performance originates from an
optimized gas/liquid/solid interfacial microenvironment, which
synergistically reduces interfacial water layer density while
increasing the energy barrier of the HER, thermodynamically
stabilizes the *COOH intermediate by lowering its formation
AG, and promotes efficient CO, mass transport and utilization
through physical confinement and chemical adsorption.

2 | Results and Discussion

The specific preparation steps of hydrophobic Ni-N,/C,-NCNS
catalysts are schematically illustrated in Figure 1. Firstly,
monodisperse, mesoporous melamine-formaldehyde (MF) poly-
mer nanospheres are synthesized via an aqueous emulsion
polymerization self-assembly strategy, serving as hard templates
(Figures S1, S2) [27]. Subsequently, the MF nanospheres are
added into a Tris-HCI buffer containing dopamine to form a
polydopamine (PDA) shell [28]. The abundant phenolic hydroxyl
and amino groups on the PDA layer facilitate the coordination
and chelation of Ni** cations, forming MF@PDA-Ni (Figures S3-
S5) [29, 30]. Moreover, this method provides a versatile platform,
enabling the facile substitution of the Ni** with various metal
cations, such as Fe*, Co**, Cu?*, Sn**, etc [31-34]. The MF
component of MF@PDA-Ni, with a reported decomposition
temperature of 550°C [35], underwent partial degradation and
shrinkage during pyrolysis at 900°C under N,. The PDA shell,
however, remained intact, leading to the formation of hollow Ni-
N,/NCNS catalyst (Figure S6). Finally, alkyl chlorosilanes react
with surface hydroxyl groups of the Ni-N,/NCNS catalyst via
a nucleophilic substitution under mild conditions, covalently
grafting alkyl chains onto the catalyst surface, yielding the
hydrophobic Ni-N,/C,-NCNS catalyst.

The thermal decomposition of MF introduces N atoms into the
PDA shell, increasing the N content in Ni-N,/NCNS (8.45 at%),
predominantly as pyridinic N (Figure S7, S8). Raman spectra
(Ip/15 =3.99) confirm a high defect density in the carbon frame-
work (Figure S9). Nitrogen adsorption-desorption measurements
show that Ni-N,/NCNS displayed a high Brunauer-Emmett-
Teller (BET) surface area of 850 m* g~! with hierarchical porosity
spanning micropores, mesopores, and macropores (Table S1 and
Figure S10). Aberration-corrected high-angle annular dark field
scanning transmission electron microscopy (HAADF-STEM)
confirmed the uniform dispersion of Ni single atoms (~0.2 nm)
across the carbon framework (Figure 2a). This uniformity of Ni
atom distribution is attributed to the negatively charged, ligand-
rich MF@PDA precursor, which provides abundant anchoring
sites for stable Ni atom immobilization (Figure S11). Inductively
coupled plasma optical emission spectroscopy (ICP-OES) analy-
sis has been carried out to quantify the Ni content (0.84 wt%).

Transmission electron microscopy (TEM) image analysis
revealed Ni-N,/C,-NCNS as uniform, monodisperse particles
(~150 nm; Figure 2b). Moreover, corresponding energy-dispersive
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FIGURE 1 | Schematic illustration of the catalyst preparation. The Ni-N,/NCNS and Ni-N,/C,,-NCNS catalysts are prepared via a four-step process:
(1) polymerization to prepare MF nanospheres, (2) polydopamine coating with Ni** absorption, (3) pyrolysis to generate Ni single-atom sites, and (4)

hydrophobization with chlorosilane for stable gas film formation.

X-ray spectroscopy (EDS) elemental mapping revealed a
homogeneous distribution of Ni, N, O, Si, Cl and C elements,
with no observable Ni aggregation (Figure 2c, Figure S12). The
Fourier transform infrared (FTIR) spectrum of Ni-N,/C,-NCNS
exhibited new absorption bands corresponding to the stretching
vibrations of -CH; (2961 cm™) and -CH,- (2881 cm™) groups, as
well as a Si-O stretching vibration at 1108 cm™, confirming the
successful covalent grafting of alkyl chains onto the Ni-N,/NCNS
surface (Figure 2d). The X-ray diffraction (XRD) pattern of
Ni-N,/C,-NCNS displayed only two broad peaks (26.2° (002),
44.0° (004)) attributed to graphitic carbon, with no diffraction
signals corresponding to metallic Ni (PDF#04-0850), indicating
the absence of crystalline Ni phases (Figure 2e).

The elemental and electronic status of Ni-N,/C,-NCNS were
probed using X-ray photoelectron spectroscopy (XPS) and X-ray
absorption fine structure (XAFS) analyses. High-resolution N 1s
XPS spectra revealed the coexistence of various N configurations,
including pyridinic N (398.2 eV), coordinated Ni-N (399.4 eV),
pyrrolic N (400.5 eV), graphitic N (401.2 eV), and oxidized N
(403.1 eV) (Figure S8) [2]. The observed Ni 2p;;, peak at 854.9 eV
indicated a mixed valence state for Ni, lying between metallic
(Ni%, 853.5 eV) and divalent states (Ni**, 855.8 eV) (Figure 2f). To
elucidate the local coordination environment and the modulated
electronic effects at the Ni site, we conducted XAFS spectroscopy.
The Ni K-edge X-ray absorption near-edge structure (XANES)
spectra of Ni-N,/C,-NCNS revealed an absorption edge posi-
tioned between those of metallic Ni and NiO (Figure 2g). These
findings suggested that the Ni ions in Ni-N,/C,-NCNS exhibited
an intermediate oxidation state between metallic Ni® and Ni**.
A dominant peak at 1.38 A, characteristic of Ni-N coordination,

was observed in both the wavelet transform (Figure S13) and
Fourier transform (Figure 2h) analyses of the X-ray absorption
fine structure spectrometry (EXAFS) spectra for Ni-N,/C,-NCNS.
In contrast, the Ni foil exhibited a typical Ni-Ni peak at 2.20
A, while the Ni-O interaction in NiO appeared at ~1.62 A.
Quantitative EXAFS fitting demonstrated that the Ni atoms in Ni-
N,/C,-NCNS were four-fold coordinated by N atoms, forming a
square planar geometry (Figure 2i, Figure S14, Table S2).

We evaluated the underwater adhesion behaviors of CO, bubbles
and the air-phase surface wettability of Ni-N,/C,-NCNS and
Ni-N,/NCNS catalysts. The Ni-N,/NCNS catalyst exhibited an
underwater contact angle (UCA) for CO, bubbles of approxi-
mately 152° (Figure 3a). In contrast, the Ni-N,/C,-NCNS catalyst
showed remarkably lower UCA values (16-67°) for CO, bub-
bles, demonstrating exceptional surface aerophilicity (Figure 3b,
Figure S15). Underwater CO, adhesion measurements revealed
that Ni-N,/C,-NCNS achieved an adhesion force of 291.8 uN,
more than double that of unmodified Ni-N,/NCNS (134.7 uN,
Figure 3c). The high N-doping level endowed the Ni-N,/C,-NCNS
with a remarkable CO, adsorption capacity of 2.69 mmol g
(Figure 3d) [36]. In air, Ni-N,/NCNS exhibited a water contact
angle (WCA) of approximately 45.9°, indicating its hydrophilic
surface properties (Figure 3e). The WCA of Ni-N,/C,-NCNS
exhibited a significant increase, reaching 115.0°, with hydropho-
bicity increasing progressively with alkyl chain length, reaching
a maximum value of 134.7° (Figure S16). While Ni-N,/NCNS
dispersed readily in water, the hydrophobic surface of Ni-N,/C,,-
NCNS prevented water infiltration, forming a stable separate
phase (Figure 3f). Upon immersion, hydrophobic surfaces tend
to trap ambient gas bubbles, forming a persistent gas film [37],
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FIGURE 2 | Catalyst structural characterizations. (a) Atomic-resolution HAADF-STEM image of Ni-N,/NCNS. (b, ¢) High resolution TEM image
and corresponding EDS elemental mapping images for C, N, Ni, O, Si and CI elements of Ni-N,/C,-NCNS. (d) The FTIR spectra of Ni-N,/NCNS and
Ni-N4/C,-NCNS. (e) XRD pattern of Ni-N,/C,-NCNS, in comparison with standard XRD of Ni metal. (f) Ni 2p XPS spectra of Ni-N,/NCNS. (g) Ni K-edge
XANES spectra of Ni-N,/NCNS, Ni foil and NiO (R space plots). (h) Fourier transform of the EXAFS spectra at R-space of Ni-N4/NCNS, Ni foil and NiO.
(i) The fittings of the Fourier-transform (FT) EXAFS spectra of Ni-N, for Ni K edge. The inset shows the most likely coordination structure of Ni sites in

Ni-N.

and the high surface roughness of the nanoparticle catalysts
can further enhance the bubble adhesion [38]. The covalently
hydrophobic Ni-N,/C,-NCNS catalyst, by virtue of its strong
affinity for CO, bubbles, ensures a continuous CO, supply to
the active sites and facilitates rapid diffusion of CO, from the
exterior to the interior catalytic regions. This synergy between
underwater aerophilicity and surface hydrophobicity optimizes
reaction kinetics for efficient underwater CO, electroreduction.

The CO,RR performances of all the synthesized catalysts were
initially evaluated in a conventional H-type electrochemical
cell containing 0.1 M KHCO; electrolyte saturated with CO,.
Nuclear magnetic resonance (NMR) spectroscopy and online
gas chromatography were used to identify and quantify the gas
and liquid products, respectively. Product analysis definitively

identified CO and H, as the exclusive products of the reaction,
with no other gaseous or liquid products detected (Figure S17).
The linear sweep voltammetry (LSV) curves were employed
to investigate the electrochemical performance of the catalyst
(Figure S18). In the specified voltage range, higher total current
densities were observed under a CO, atmosphere compared to an
Ar atmosphere, confirming preferential CO, reduction over the
competing HER. Among the catalysts with varying alkyl chain
lengths (Ni-N,/C,-NCNS, n = 2, 3, 6), Ni-N,/C,-NCNS exhibited
the lowest current density, indicating that excessive hydropho-
bicity adversely affects catalytic performance (Figure 4a). The
hydrophobic alkyl chain modification reduced catalytic activity,
likely due to impaired proton reduction kinetics and/or dimin-
ished electrical conductivity [5, 11]. Notably, the robust core-shell
structure ensured excellent stability, demonstrating consistent
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current response at —0.7 to —1.1 V vs. RHE (Figure S19). Poten-
tiostatic tests revealed the Ni-N,/NCNS catalyst only achieved
a maximum FEq, of 78.0% at -0.8 V (Figure 4b). However, Ni-
N,/C,-NCNS catalysts demonstrated exceptional FE ., exceeding
74.2% over a broad potential range of —0.7 to —1.1 V versus
RHE, achieving a maximum FE., of 96.6% at —0.8 V versus
RHE. Interestingly, increased hydrophobicity did not universally
enhance FE.,. In contrast, Ni-N,/C,-NCNS exhibited signifi-
cantly suppressed HER activity relative to Ni-N,/NCNS over —0.8
to —1.1 Vvs. RHE (Figure 4c). At —1.0 V versus RHE, Ni-N,/NCNS
yielded a FEH, of 38.3%, whereas Ni-N,/C,-NCNS reached only
2.3%. Electrochemical impedance spectroscopy (EIS) revealed
that Ni-N,/NCNS catalyst had a low resistance of 27.27 Q.cm?.
In contrast, surface modification with alkyl chains decreased
conductivity, increasing resistance up to 41.32 Q.cm? with longer
chains (Figure S20). The potential-dependent partial current
densities of CO and H, were measured and plotted. Ni-N,/NCNS
and Ni-N,/C,-NCNS catalysts exhibited nearly identical CO
partial current densities (~ -5.4 mA cm~2) at —0.8 V versus RHE
(Figure S21a). On the other hand, at —0.8 V versus RHE, the
H, partial current density for the hydrophobic Ni-N,/C,-NCNS
was only —0.086 mA cm™2, substantially lower than —1.268 mA

m~2 observed for Ni-N,/NCNS (Figure S21b). Increasing the
applied voltage favored the HER, but Ni-N,/C,-NCNS maintained
significant HER suppression within —0.7 to —1.1 V versus RHE,

suggesting a non-linear relationship between hydrophobicity and
HER inhibition. Excessively increasing hydrophobicity can lead
to a Cassie state, reducing the crucial three-phase contact [39,
40]. To evaluate the intrinsic catalytic activity for CO products
on all sample, we normalized the partial current densities (jo)
by the electrochemically active surface area (ECSA) (Figure S22,
S23). Notably, the Ni-N,/NCNS catalyst exhibited 1.68-fold higher
intrinsic CO production activity than the hydrophobic Ni-N,/C,-
NCNS catalyst. The similar morphology, chemical and elec-
tronic structure of Ni-N,/NCNS and Ni-N,/C,-NCNS catalysts
suggested that the improved CO,RR performance of Ni-N,/C,-
NCNS was primarily attributed to its optimized hydrophobic
microenvironment.

Next, we evaluated the CO,RR performances of the Ni-N,/C,-
NCNS catalyst in a membrane-electrode-assembly (MEA) reactor
(Figure S24, S25). As shown in Figure 4d, Ni-N,/NCNS exhibited
significantly lower current densities than Ni-N,/C,-NCNS across
a broad voltage range. Product selectivity was determined from
controlled potential electrolysis measurements by calculating
faradaic efficiency. Remarkably, Ni-N,/C,-NCNS achieved an
outstanding FE., of 99.6% at —0.6 V versus RHE (Figure 4e),
surpassing the performance of previously reported single- and
bimetallic catalysts under comparable conditions. More impor-
tantly, high CO selectivities over 90% were maintained over a
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FIGURE 4 | Electrocatalytic CO2RR performance. (a) Structural schematics of the Ni-N,/C,-NCNS catalysts with different carbon chain lengths.

(b, ¢) FEco and FEy, at various potential versus RHE in H-type cell. (d) LSV curves of Ni-N,/NCNS and Ni-N,/C,-NCNS in flow cell. (e, f) Comparison
of Faradaic efficiency (left axis) and partial current density (right axis) of Ni-N,/C,-NCNS and Ni-N,/NCNS catalysts at various potentials in flow cell.
(g) Total current density and FE¢q during long-term CO,RR stability test at around 108.2 mA cm™2.

wide potential range from 0.3 to 1.2 V. At 1.1 V, Ni-N,/C,-NCNS
showed a CO partial current density of 125.2 mA cm~2, nearly 160
times higher than Ni-N,/NCNS (Figure 4e, Figure S26). In sharp
contrast, Ni-N,/NCNS consistently demonstrated lower FEq
values at all potentials. Notably, the Ni-N,/NCNS catalyst exhib-
ited a substantial increase in HER contribution (up to 78.7%) at
high potentials, primarily due to CO, mass transport limitations
under high current densities while proton availability remained
abundant (Figure 4f). During electrolysis, the nanoscale catalyst
layer can be easily flooded by the electrolyte, disrupting the
three-phase interface around the active sites. In our system,
the Ni-N,/C,-NCNS catalyst prevents complete electrolyte pen-
etration, fostering a stable three-phase interface for efficient
CO, electroreduction. Importantly, Ni-N,/C,-NCNS maintained
negligible HER activity (<1%) across the entire potential range,
attributable to its abundant gas-liquid-solid interfaces and hollow
architecture that ensured sustained CO, supply during catalysis.
The stability of the Ni-N,/C,-NCNS catalyst for CO,RR was
also evaluated in 1.0 M KOH. Ni-N,/C,-NCNS demonstrated
excellent CO,RR stability, maintaining consistent performance
at 108.2 mA cm~? with minimal potential drift and showing
negligible current density loss after 32 h of operation at —0.8 V
versus RHE (Figure 4g, Figure S27).

In situ Raman spectroscopy was employed to monitor the
dynamic evolution of reaction intermediates on catalyst surfaces
during CO,-to-CO conversion (Figure S28). During CO,RR from
—0.2 to —1.0 V versus RHE, seven characteristic Raman bands
were identified (Figures 5a, b). The bands at 418 cm™! (voy)
and 480 cm™! (8y.0.51) correspond to O-H stretching and bending
vibrations of water molecules chemisorbed on Ni single-atom
sites [41]. The markedly attenuated intensity of these bands
on hydrophobic Ni-N,/C,-NCNS indicates reduced interfacial
water coverage, consistent with suppressed water aggregation
induced by alkyl chain modification. The bands at 1325 cm™ and
1698 cm™ are assigned to the symmetric stretching of HCO;~
(,(C0O,7)) and adsorbed carbonate species (CO,27), respectively,
confirming the coexistence of electrolyte ions at the interface [42,
43]. Crucially, the formation of the key *COOH intermediate was
evidenced by a set of characteristic peaks, the C-OH stretching
modes at 1259 cm™! and 1384 cm™' [44, 45], along with the
C = O stretching vibration at 1652 cm™'. Their progressive
intensity increase with overpotential reflects accelerated *COOH
generation. This assignment is rigorously corroborated by in-situ
FTIR spectra, where characteristic *COOH vibrations including
Veoo (1650 cm™), veoy (1297 cm™), and coupled vy (1390
cm™!) were distinctly observed (Figure S29, 30). [44, 46] Notably,
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FIGURE 5 | Mechanisticinvestigation. (a, b) In situ Raman spectra of Ni-N,/NCNS and Ni-N,/C,-NCNS. Applied potentials range from open circuit
potential (OCP) to around —1.0 V vs. RHE. Gibbs energy diagrams of (c) CO,RR and (d) HER on Ni-N,/NCNS and Ni-N,/C,-NCNS at Ugygg = —0.8 V. (e)
Typical models of Ni-N,/NCNS and Ni-N,;/C,-NCNS catalysts for AIMD simulations, featuring the catalyst surface solvated by 72 water molecules with
a density of 1 g/cm3. (f) Radial distribution functions (g(r)) of O-H hydrogen bonds surrounding the Ni centres for Ni-N,/NCNS and Ni-N,/C,-NCNS
catalysts. (g) Quantification of the corresponding O-H hydrogen bonds in the second coordination shell.

the detection of the v._, band in FTIR, where the carbon G-
band is inactive, unambiguously distinguishes the intermediate
signal from the carbon background. The consistently weaker
*COOH signals on Ni-N,/C,-NCNS compared with Ni-N,/NCNS
suggest faster *COOH desorption kinetics, directly correlating
with the superior FECO of the hydrophobic catalyst. Meanwhile,
the emerging peak at 709 cm™ (OH* bend) verified the role
of water as a proton donor participating in the proton-coupled
electron transfer process.

To elucidate the reaction mechanism of the catalyst in the
electrocatalytic CO,RR, theoretical models of Ni-N,/NCNS with
four nitrogen atoms and an axially coordinated OH group, as
well as Ni-N,/C,-NCNS featuring a C, alkyl chain coordination
environment, were constructed based on insights from In-situ
Raman, FTIR and XANES analyses. The In-situ Raman spectra
exhibit a characteristic vibrational band at approximately 418
cm™! »(O-H) consistent with chemically adsorbed O-H species

on Ni single-atom sites under reaction conditions. In addition,
the FTIR spectra display new absorption bands associated with
the stretching vibration of OH groups at 3445 cm™, further
supporting the formation of OH species during operation. Mean-
while, the XANES analysis indicates modifications in the local
coordination environment of the metal center. Accordingly, an
axially coordinated OH ligand was included in the model to
represent the realistic catalytic structure. Using these models,
we systematically investigated the influence of the hydrophobic
C, alkyl chain on CO,RR activity and the competing HER
under different solvation environments the effects, including an
implicit solvation model, a micro-solvation model with three
explicit water molecules, and a solvated model containing 72
explicit water molecules (Figure S31-S33 and Figure 5e). The
explicit solvent models allow a more realistic representation of the
electrochemical interface, capturing hydrogen-bond networks,
proton donor/acceptor behavior, and directional interactions
between solvent molecules and key intermediates. The overall
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CO,RR pathway mainly involves the activation of CO, at the Ni
active site to form adsorbed *CO,, followed by proton-electron
coupling to generate *COOH. The adsorbed *COOH is further
hydrogenated to *CO, which subsequently desorbs to produce
CO. In the H-cell electrolyte (pH = 6.8), the CO formation is
experimentally observed at —0.70 V with a Faradaic efficiency of
74.2%, while the maximum FE_q of 96.6% at —0.8 V versus RHE.
Based on this, we selected —0.80 V as a representative potential
to construct the Gibbs energy diagram for CO, reduction to CO
(Figure 5¢). On the Ni-N,/C,-NCNS catalyst, the thermodynamic
Gibbs energy along the *CO, — *COOH — *CO pathway exhibits
a continuously downhill trend while the conversion of CO, to
*COOH is an endergonic step, with an energy increase 0.12 eV
on Ni-N,/NCNS. This is 0.15 eV higher than that over Ni-
N,/C,-NCNS, indicating C, alkyl chain modification effectively
facilitating *COOH formation. For HER reaction, the adsorp-
tion *H constitutes the thermodynamic rate-determining step.
Functionalization with the C, alkyl chain increases the *H
Gibbs energy from 0.17 eV to 0.37 eV, thereby suppressing H,
formation. In addition, ab initio molecular dynamics (AIMD)
simulations were employed to assess the effect of C, alkyl chain
modification on the reaction kinetics of HER. At the Ni active site,
the electrochemical water dissociation step (Volmer step) is the
key to H,O activation, with the calculated energy barrier rising
from 1.57 eV to 2.39 eV upon C, chain functionalization. This
indicates that the introduction of C, alkyl chains significantly
reduces the affinity for interfacial water, mainly due to its
hydrophobicity, which induces a local interfacial cavity near the
active site, hindering water migration and thereby making water
activation and dissociation more difficult compared to clean
surfaces (Figure S34, 35). Crucially, implicit solvation model,
CO,RR and HER barriers became nearly identical for both
catalysts, clearly demonstrating that the alkyl chains influence
catalytic performance primarily through water mediation rather
than intrinsic catalyst modification (Figure S36).

To quantitatively evaluate the distribution of water around the
central Ni catalyst, 10 ps AIMD simulations were performed.
Analysis of the OH radial distribution function g(r) (RDFs)
from the equilibrated AIMD trajectories revealed the first,
second, and third solvation shell maxima at 0.95, 1.75, and
3.25 A, respectively (Figures 5e, f). consistent with previous
experimental and computational results [47], confirming that
our models accurately capture the behavior of liquid water.
In comparison to the Ni-N,/NCNS system, the H densities in
the second and third water solvation shells of the Ni-N,/C,-
NCNS system were 2.11 and 3.12, respectively, both lower than
those in Ni-N,/NCNS, and the O density at 2.75 A was also
reduced, indicating that C, alkyl chain incorporation decreased
interfacial H,O molecule distribution. (Figure S37). To further
understand the influence of the C, chain on water microstruc-
ture, the average hydrogen-bond coordination number (CN)
around individual water molecules was extracted from the AIMD
trajectories. The average CN values were 3.25 and 3.01 for Ni-
N,/NCNS and Ni-N,/C,-NCNS, demonstrating that alkyl chain
incorporation weakened water network connectivity (Figure 5g).
Overall, hydrophobic alkyl functionalization restructures the
interfacial water layer, weakening water-surface interactions and
disrupting the hydrogen-bond network. The resulting interfacial
cavities facilitate CO, transport, ultimately promoting CO,RR
selectivity.

3 | Conclusion

In summary, here we report the design of a class of hollow-
structured N-doped Ni single-atom catalyst, in which alkyl molec-
ular brushes were grafted onto the catalyst surface to optimize
the gas-liquid-solid microenvironments. The abundant triple-
phase interfaces and hollow structure promote CO, enrichment
near the Ni-N,/C,-NCNS catalyst, ensuring a sufficient supply
of CO,. The Ni-N,/C,-NCNS catalyst demonstrated significantly
enhanced underwater aerophilicity, higher FE.,, and markedly
suppressed HER activity compared to Ni-N,/NCNS catalyst. Ni-
N,/C,-NCNS exhibits a FE., of 99.6% at 100 mA cm~2 under
pure CO, feed. Through integrated electrochemical kinetics,
in situ spectroscopic analysis, and computational modeling,
this study elucidates the critical influence of interfacial water
density modulated by hydrophobic alkyl brush on catalytic
reaction mechanisms. Modulating interfacial water density sup-
presses proton transfer kinetics while weakening H* adsorption,
thereby elevating the HER energy barrier. Moreover, it optimizes
the Gibbs energy of rate-determining steps and stabilizes the
COOH* intermediate, promoting efficient CO,RR. This work
presents a versatile strategy for the hydrophobic modification
of nanocarbon-loaded metal atom catalysts, highlighting the
significance of precisely controlling catalyst surface wettability to
enhance both mass transport and reaction kinetics, with broad
potential for advancing gas-involved electrocatalysis.
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