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The interfacial electronic interaction between the support and catalyst has been demonstrated to play
a significant role in regulating the d-band structure of metal centers. Still, it requires dedicated con-
trol over the interaction in a reasonable manner. Herein, we developed a heterostructured support by
covalently linking carbon nitride quantum dots (CNQDs) on TiO,, to anchor electroactive CoP clusters
(TiO,-CNQD/CoP) for hydrogen evolution reaction (HER). The interfacial electronic interaction between
the heterostructured support (TiO,—CNQD) and CoP can be controlled by varying the size of CNQDs, ow-
ing to the number of conjugated N-heterocycles in CNQDs induces tunable r-electron delocalization. As a
result, a volcano-shaped correlation between the shift of the Co d-band center (Ad) and the HER perfor-
mance was established, suggesting that TiO,—~CNQD/CoP-C2 with a moderate size of CNQD is the optimal
HER catalyst. This study highlights the critical role of interfacial interaction in supported catalysts, pro-
viding a predictive descriptor focusing on the support design of advanced HER catalysts.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Alkaline water splitting has been one of the most powerful ap-
proaches for large-scale hydrogen production [1-3], which requires
efficient hydrogen evolution reaction (HER) electrocatalysts to over-
come the high overpotential and reduce energy consumption [4-6].
Supported catalysts have attracted substantial research focus ow-
ing to the distinguished interfacial electronic interaction between
the support and catalyst, which could regulate the electron distri-
bution at the interface and thus influence the electronic structure
of metal sites [7-9]. According to d-band center theory, the cen-
ter of the d-band of a transition metal site serves as a key elec-
tronic structure descriptor in electrocatalysis, which is associated
with the ability to adsorb reaction intermediates [10,11]. Therefore,
the physicochemical properties of the support, including the struc-
ture, conductivity, exposed surface with functional groups/atoms,
and chemical stability should be taken into consideration when
evaluating the support effect on electrocatalysis. To meet the above
requirements, various kinds of supports have been developed, such
as metal hydroxide/oxide, sulfide, nitride, carbide, carbons, and
transition metal substrates (Ni, Fe, Cu, Ti, etc.) [12-17]. It is still
of great urgency to develop suitable support that could induce op-
timal interfacial electronic interaction with the electroactive sites
toward d-band center tuning.
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TiO, has emerged as one of the most promising supports for
electrocatalysis owing to its chemical inertness but rich surface
hydroxyl groups for anchoring electroactive species [18,19]. Previ-
ous research works have demonstrated the employment of vari-
ous TiO, nanostructures as support in electrocatalysis, including
nanowires, nanorods, and nanoplates [20]. For example, Liu’s group
reported on the P-doped defective TiO,-supported Ru cluster for
HER, with rich surface oxygen vacancies on rutile-TiO, facilitat-
ing the adsorption and dissociation of water [21]. Our recent work
highlights that the universal utilization of nanostepped TiO, as
support for nanoparticles or single-atom catalyst (SAC) anchoring,
benefiting from the unsaturated edge configuration on the steps
that influences the coordination environment of Co atoms [22,23].
It is worthwhile to note that most of these works focus on the di-
rect interaction between TiO, support and the catalyst, taking great
effort into tuning the intrinsic structure of TiO, itself, which aims
to achieve a desired interfacial interaction. Commonly used strate-
gies such as atom-doping, vacancy/defect construction, or mor-
phology engineering might be arduous to sustain desired regula-
tion, even at the cost of damaging the surface structure [24-26].
To this end, a feasible but universal strategy to modify the surface
chemistry of TiO, support with controllable interfacial interaction
is highly desired but challenging.

Herein, we report on a heterostructured support by covalently
linking carbon nitride quantum dots (CNQDs) on stepped TiO, for
anchoring CoP clusters (TiO,—CNQD/CoP). Varying the number of
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Fig. 1. (a) Schematic illustration of the synthetic procedure. (b) SEM image,
(c) TEM image, (d, e) HRTEM images, (f) HAADF-STEM and elemental mapping
of TiO,-CNQD/CoP. (g) XRD patterns of TiO,-CNQD/CoP, TiO,-CNQD/CoP-NC and
TiO,/CoP.

conjugated N-heterocycles in CNQDs leads to tunable m-electron
delocalization, which manipulates the interfacial electronic interac-
tion between the heterostructured support (TiO,—CNQD) and CoP.
Furthermore, the shift of the Co d-band center (Ad) has been
proposed as a descriptor to predict the adsorption strength of
intermediates, exhibiting a volcano-shaped correlation with the
HER performance. TiO,—CNQD/CoP-C2 with moderate size of CNQD
shows the optimal HER performance, with 98 mV overpotential to
achieve a current density of 100 mA/cm?2.

Fig. 1a schematically illustrates the synthetic procedure of
TiO,—-CNQD/CoP, including acid-etching formed stepped TiO,, cova-
lently linking of CNQD, and Co?t impregnation and phosphidation
conversion. Nanostepped TiO, nanowire arrays supported on Ti
mesh were prepared according to previous protocol [27], in which
the hydrothermally grown TiO, nanowire arrays were etched with
dilute hydrochloric acid, generating abundant surface steps. CNQDs
were synthesized by the hydrothermal oxidation and exfoliation
of bulk graphitic carbon nitride (g-C3N4), introducing -COOH and
-OH functional groups on the edge. HRTEM images show a typ-
ical 0.32nm lattice fringe corresponding to the (002) plane of g-
C3N4 (Fig. S1 in Supporting information) [28]. XRD pattern of CN-
QDs revealed the characteristic peak of g-C3N4, demonstrating the
crystal structure. XPS analysis shows the presence of -COOH, —OH,
and -NH, groups on conjugated N-heterocycles in CNQDs for fur-
ther functionalization (Fig. S2 in Supporting information). Covalent
grafting of CNQDs onto stepped TiO, can be accomplished by es-
terification reaction between the -COOH on CNQDs and -OH on
TiO,, which leads to the formation of heterostructured TiO,-CNQD
support. HRTEM image shows a uniform decoration of CNQDs on
TiO, (Fig. S3 in Supporting information). Varying the oxidation and
exfoliation period could control the size of CNQDs to be 1.67 nm
(CNQD-1), 2.96 nm (CNQD-2), and 3.79 nm (CNQD-3) in diameters,
respectively (Fig. S4 in Supporting information).

The integration of such a heterostructured support enlarges
the surface area with oxygen-containing groups on CNQDs as an
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Fig. 2. (a) FTIR spectra of TiO,-CNQD, TiO,-CNQD/NC, CNQDs and S-TiO,. (b)
13C solid-state NMR spectra of TiO,-CNQD. (c) Zeta potential measurements
of TiO,-CNQD, TiO,-CNQD/NC, CNQDs and S-TiO,. (d) Full XPS spectra of
TiO,-CNQD/CoP, TiO,—CNQD/CoP-NC and TiO,/CoP. The high-resolution XPS of (e)
C 1s and (f) N 1s in TiO,-CNQD/CoP, TiO,—CNQD/CoP-NC and TiO,/CoP, (g) Ti 2p,
(h) P 2p and (i) Co 2p in TiO,-CNQD/CoP, TiO,-CNQD/CoP-NC and CoP/TiO,.

anchoring site for Co?*. Phosphidation topologically converts the
Co2*...0 into CoP clusters bridged on CNQD-TiO, (TiO,~CNQD/CoP)
by C-P-Co (Fig. 1a). TiO,-CNQD/CoP preserves the nanowire arrays
morphology with clearly defined nanosteps (Figs. 1b-d). HRTEM
image exhibits lattice fringes of 0.35nm, 0.32 nm, and 0.20 nm (Fig.
1e), which can be indexed to the (101) plane of TiO,, (002) of
CNQDs, and (210) of CoP, respectively, evidencing well-resolved
hetero-interfaces in TiO,-CNQD/CoP. STEM-EDX elemental map-
ping images show the homogeneous distribution of Ti and O sig-
nals on the entire nanowire, while a more concentrated surface
location of Co, P, C, and N elements (Fig. 1f). A noncovalent het-
erostructured TiO,-CNQD support that is driven by electrostatic
adsorption was also fabricated and employed as a counterpart
(TiO,—-CNQD/CoP-NC). Fig. S5 (Supporting information) shows that
CoP aggregates into large particles, which might originate from the
random distribution of CNQDs on TiO,. Both counterparts exhibit
uniform distribution of CoP on the TiO,-CNQD support (Fig. S6 in
Supporting information).

XRD patterns of TiO,-CNQD/CoP, TiO,-CNQD/CoP-NC, and
TiO,/CoP exhibit sharp reflections at 31.6°, 36.3°, 46.2°, and 48.1°
that correspond to the (011), (111), (112), and (211) planes of
cubic CoP (JCPDS No. 29-0497) [29]. For TiO,-CNQD/CoP and
TiO,-CNQD/CoP-NC, a broad feature centered between 20° and 30°
reflects the disordered (002) plane of CNQDs [30]. Peaks at 25.5,
35.1, 38.3, 40.1 and 74.1 were ascribed to the TiO, or Ti substrate
[31]. Similarly, TiO,—CNQD/CoP-C1 and TiO,—CNQD/CoP-C3 were
synthesized using CNQDs of ~1.67 nm and ~3.79 nm, respectively.

Fourier transform infrared (FTIR) spectra of TiO,-CNQD,
TiO,-CNQD/NC, TiO, and CNQDs were shown in Fig. 2a. It reveals
C=0 stretching at 1720 cm~! for free CNQDs and the noncova-
lent composite [32,33], while this band emerges a positive shift to
1750 cm~! in TiO,-CNQD. Meanwhile, the broad peak associated
with —-OH around 3200 cm~! in TiO, shifts to lower wavenum-
ber with decreased intensity [34]. Both of the above are indicative
of ester bond formation between CNQDs and TiO,. The solid-state
13C NMR spectroscopy was further collected for the TiO,-CNQD
(Fig. 2b), which displays a characteristic resonance at 174.2 ppm
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that can be assigned to an ester carbonyl (O-C=0) environment
[35]. Zeta-potential (¢) of TiO, and CNQDs is measured to be
+19.6 mV and —24.7 mV, respectively (Fig. 2c). Both TiO,—-CNQD/NC
and TiO,-CNQD converge to near-neutral ¢ values (+3.3mV and
+4.7 mV, respectively). Such sharp changes in ¢ are relative to the
strong interfacial electronic interactions, which would promote in-
terfacial electron transfer between TiO, and CNQDs.

XPS survey spectra detect Ti, O, Co, and P in all catalysts,
while C and N signals were shown in CNQD-containing samples
(Fig. 2c). High-resolution C 1s spectra resolve signals from C-
C (284.8eV), C-P (285.35eV), C-0 (286.3eV), N-C=N (287.95¢eV),
and 0-C=0 (289.0eV) in Fig. 2d [36]. The peak at 285.35eV could
be assigned to the C-P bond [37,38], which reflects the interfa-
cial bridges between CoP and CNQDs. N 1s spectra reveal con-
tributions from sp? N (398.85eV), pyridinic N (399.7eV), and N-
H (400.8 eV) for TiO,-CNQD/CoP (Fig. 2e) [39]. Compared to CN-
QDs, the N-C=N peak shifts positively by 0.5eV in TiO,-CNQD/CoP,
suggesting electron transfer between CNQDs with CoP and TiO,
[40]. O 1s spectra display characteristic C=0 (531.6eV) and C-O
(532.4¢eV) features that originate from oxygen-containing groups
in CNQDs (Fig. S7 in Supporting information) [41]. Ti 2p spec-
tra show Ti*t at 458.92 and 464.67 eV, alongside Ti3* signals at
4574 and 462.45eV due to acid-etching-induced surface oxygen
vacancies in TiO,/CoP, (Fig. 2g) [42]. After covalently linking CN-
QDs, the Ti*+ peaks shift positively by 0.32eV in TiO,~CNQD/CoP,
suggesting CNQD-induced electron transfer from the TiO, support.
Further insights arise from the Co 2p and P 2p regions (Figs. 2h
and i). In TiO,/CoP, Co 2p shows Co-P (778.15, 796.05eV) and
Co-0 (781.5, 797.8eV) doublets with associated satellites, while
P 2p reveals P-Co (127.85, 128.8eV) and P-0 (133.35eV) compo-
nents [43]. Co-P and P-Co binding energies shift negatively by
~0.42eV and ~0.25eV in TiO,—CNQD/CoP sample, indicating CN-
QDs induce more electron transfer from the support to CoP. A new
P-C peak at 132.65eV further supports heterojunction formation
(Fig. 2i) [44,45]. TiO,-CNQD/CoP-C1 and TiO,-CNQD/CoP-C3 show
a similar trend in the binding energy shift of Co 2p and P 2p with
that of TiO,—CNQD/CoP-C2 (Fig. S8 in Supporting information). This
size-dependent binding energy shift is consistent with the value of
Ad, revealing that CNQDs of moderate size (C2) induce an optimal
m-electron delocalization. In contrast, too small (C1) or too large
(C3) CNQDs result in less favorable electronic perturbations. It is
found that Ti 2p and O 1s spectra share similar binding energy
positions in the TiO,—CNQD support and TiO,-CNQD/CoP, while
the N 1s spectrum in TiO,—-CNQD exhibits binding energies lo-
cated between that of CNQDs and TiO,—CNQD/CoP (Fig. S9 in Sup-
porting information), which suggests the binding energies shifts of
TiO,-CNQD/CoP are caused by the electronic interactions between
CoP and the TiO,-CNQD support. Taken together, the positive shifts
of N and Ti signals and negative shifts of Co and P could suggest
directional electron transfer from TiO, to CNQDs and to CoP, fi-
nally. Such an interfacial electronic interaction is essential to tun-
ing the Co d-band center and optimizing hydrogen adsorption en-
ergetics, toward enhanced HER performance.

The HER activity of TiO,—CNQD/CoP was evaluated in 1.0 mol/L
KOH using a standard three-electrode configuration at room tem-
perature. Linear sweep voltammetry (LSV) curves demonstrate that
covalent linkage of CNQDs markedly enhances the catalytic ac-
tivity of TiO,/CoP. Among all samples, CNQDs exhibit negligible
catalytic activity for HER in the tested potential window, while
TiO,-CNQD/CoP-C2 exhibits the lowest overpotential of 98 mV
at 100mA/cm?, outperforming both TiO,-CNQD/CoP-C1 (116 mV)
and TiO,-CNQD/CoP-C3 (128 mV) counterparts. The noncovalently
linked TiO,—CNQD/CoP-NC and unmodified TiO,/CoP show signif-
icantly inferior performances, requiring 148 mV and 252 mV, re-
spectively, to reach the same current density. The correspond-
ing Tafel slopes further differentiate their intrinsic HER kinet-
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Fig. 3. (a) LSV curves of CNQDs, TiO,/CoP, and TiO,-CNQD/CoP samples. (b) Tafel
slopes, (c) LSV curves normalized by ECSA of TiO,-CNQD/CoP-C1, TiO,-CNQD/CoP-
C2, TiO,—CNQD/CoP-C3, TiO,-CNQD/CoP-NC and TiO,/CoP. (d) Comparison of the al-
kaline HER performance in terms of overpotential (7199), Tafel slope, TOF, Cy, spe-
cific activity, and mass activity at 119. (e) Chronoamperometry measurements of
TiO,-CNQD/CoP-C2 TiO,-CNQD/CoP-NC and at the current densities of 0.1 A/cm?2.
Nyquist plots of (f) TiO,/CoP and (g) TiO,-CNQD/CoP-C2 at various voltages. (h)
Schematic of electrode structure and the equivalent circuit. Bode phase plots of (i)
TiO,/CoP and (j) TiO,—CNQD/CoP-C2 at various voltages. (k) The H/D KIE values of
TiO,/CoP and TiO,-CNQD/CoP-C2 at different potentials.

ics (Fig. 3b), in which TiO,-CNQD/CoP-C2 delivers the smallest
value (65.3mV/dec) following a faster Volmer-Heyrovsky mech-
anism. Similar electrochemically active surface area (ECSA) of
TiO,—CNQD/CoP indicates that the incorporation of conjugated N-
heterocycles of different sizes in TiO,/CoP did not increase the
number of active sites (Fig. S10 in Supporting information) [46].
Electrochemically active surface area (ECSA)-normalized LSVs fur-
ther confirm the superior intrinsic activity and efficient CoP uti-
lization in TiO,-CNQD/CoP-C2 (Fig. 3c). The mass loading of CoP
in these TiO,—CNQD/CoP catalysts was determined to be com-
parable (ca. 1.2mg/cm2, Table S1 in Supporting information).
TiO,-CNQD/CoP-C2 delivers a higher mass activity at 199 than
TiO,-CNQD/CoP-C1 and C3 (Fig. S11 in Supporting information),
suggesting that the superior HER activity of TiO,-CNQD/CoP-C2
may stem from the improved intrinsic activity induced by CNQDs.
At an overpotential of 200mV, the turnover frequency (TOF) of
TiO,-CNQD/CoP-C2 reaches 11.4 s~1, significantly higher than that
of bare TiO,/CoP (Fig. S12 in Supporting information). The radar
diagram suggests that TiO,—CNQD/CoP-C2 performs as one of the
best alkaline HER electrocatalysts compared with several other ad-
vanced Co-based HER catalysts (Fig. 3d) [22,47-49]. Furthermore,
the stability of TiO,-CNQD/CoP-C2 was evaluated by chronoam-
perometry and multistep chronopotentiometry, with a continu-
ous stability over 100h of electrocatalysis, outperforming that of
TiO,-CNQD/CoP-NC (Fig. 3e and Fig. S13 in Supporting informa-
tion). Besides, the charge transfer amount (Q) of TiO,-CNQD/CoP-
C2 (36 x 103 C/cm?) during operating time is one to two orders of
magnitude higher than those of reported TMP-based electrocata-
lysts (Fig. S14 and Table S2 in Supporting information). Such ob-
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servation also confirms a rapid surface reaction kinetics in the het-
erostructured TiO,-CNQD/CoP, which ensures efficient transfer and
consumption of electrons.

The post-TiO,-CNQD/CoP catalyst after continuous electrocatal-
ysis maintains the nanoparticles on nanowire morphology (Figs.
S15a and b in Supporting information). HRTEM image further re-
veals the presence of characteristic lattice fringes corresponding to
CNQDs and CoP (Fig. S15c in Supporting information), respectively,
which indicates the structural robustness of the TiO,-CNQD/CoP.
Survey XPS spectrum confirms the presence of N and C signals in
the post-HER catalyst with nearly consistent elemental composi-
tion to those in the fresh catalyst (Fig. S15d in Supporting infor-
mation). Furthermore, C 1s and N 1s spectra exhibit unchanged
binding energies, demonstrating that CNQDs were well preserved
during long-term electrocatalysis (Figs. S15e and f in Supporting
information). No new phase in CoP was observed (Figs. S15g-
j in Supporting information), further evidencing the structural
stability.

The charge transfer kinetics and the adsorption and desorption
kinetics of reaction intermediates on active sites during the HER is
further investigated using in-situ electrochemical impedance spec-
troscopy (EIS) measured at different applied potentials. For the het-
erostructured TiO,—-CNQD/CoP, in-situ EIS data were fitted with a
two-time-constant equivalent circuit (Fig. 3h). The chosen model
consists of a Rs (solution resistance) in series with two parallel
R-CPE sub-circuits. The fitting reveals two characteristic charge-
transfer resistance components at the outer electrode/electrolyte
interface (Ry) and the internal heterointerface between CoP and
the TiO,-CNQD support (R,). The two-time-constant EIS analysis
indicates that the incorporation of CNQDs markedly decreases the
inner-layer charge transfer resistance (Table S3 in Supporting in-
formation), confirming that the heterostructured support improves
electronic conduction [50]. Nyquist plots of TiO,—CNQD/CoP-C2 ex-
hibited a smaller semicircular arc compared to that of TiO,/CoP in
the potential window from —0.02V to —0.2V vs. RHE (Figs. 3i and
Jj), which suggests that TiO,-CNQD/CoP-C2 surface was favorable
for reactant adsorption and charge transfer in HER [51]. It is well
accepted that peaks in the Bode plots located at low and high-
frequency regions can be ascribed to the charge transfer reaction
that occurs at either the electrolyte-catalyst interface or the cata-
lyst inner-layer/interface, respectively [52,53]. For TiO,—CNQD/CoP-
C2, the high phase angle at low frequencies and the very low
phase angle at high frequencies indicate that the electron trans-
fer resistance in HER is primarily due to the electrolyte-catalyst
interface (Figs. 3i and j, and Fig. S16 in Supporting information),
while TiO,/CoP experiences both kinds of charge transfer resis-
tances [54], suggesting that the introduction of covalently linked
CNQD at the hetero-interface promoted charge transfer at the cat-
alyst inner-layer/interface [55].

Furthermore, the kinetic isotope effects (KIE) involving deu-
terium and hydrogen for HER were studied (Fig. 3k and Fig.
S17 in Supporting information). Both TiO,-CNQD/CoP-C2 and
TiO,/CoP exhibit a primary KIE, which matches well the previ-
ous Tafel slope results. A significant decrease in the KIE values for
TiO,-CNQD/CoP-C2 compared to TiO,/CoP occurs, indicating the
accelerated water dissociation kinetics for TiO,—CNQD/CoP-C2 [56].
All these observations suggest that covalently formed TiO,-CNQDs
heterostructured support can significantly optimize the water ad-
sorption, dissociation, coupled with interfacial charge transfer in
TiO,—CNQD/CoP during the HER process [57].

Density functional theory (DFT) calculations were con-
ducted to investigate the CNQD boosted HER mechanism. Based
on the experimental results, four models were constructed:
TiO,-CNQD/CoP-C1-C3 containing different size of CNQDs, and
TiO,/CoP without CNQD as counterpart (Fig. 4a). CNQDs with
different number of triazine rings were linked to the (101) plane
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low: electron accumulation, and cyan: electron depletion). (b) The density of states
(DOS) of TiO,/CoP, TiO,-CNQD/CoP-C1, TiO,~CNQD/CoP-C2 and TiO,-CNQD/CoP-C3.
(c) Volcano plot of the electronic descriptor Ad vs. overpotential at 100 mA/cm?.
(d) Gibbs free energy profiles of TiO,/CoP and TiO,-CNQD/CoP-C1 for alkaline HER.
(e) Gibbs free energies of H (AGy:) on TiO,/CoP and TiO,-CNQD/CoP-C1. (f) Mech-
anism illustration of the covalently grafted CNQDs in the heterostructured support
enhanced HER.

of TiO, via ester bond, and decorated with CoP through C-P-Co
bond in TiO,-CNQD/CoP-C1-C3 series. Charge density difference
maps show the electron transfer direction from TiO, to CNQDs and
to CoP (Fig. 4a and Fig. S18 in Supporting information), leading
electron accumulation near CoP at the CoP/CNQDs interface, which
is consistent with the XPS analysis. As revealed in the density of
states (DOS) plots (Fig. 4b), covalently grafting of CNQDs induced
more electrons to appear around the Fermi level, which might
suggest an improved electronic conductivity to facilitate electron
transfer during HER [58].

The projected DOS (PDOS) results show that the d-band cen-
ter of Co in TiO,-CNQD/CoP-C1-C3 series experiences different
shifts relative to that of the TiO,/CoP. To quantify the effect of
CNQDs size on the d-band center of Co, a heterostructured sup-
port based descriptor, denoted as Ad was introduced. This de-
scriptor is defined as the shift in the Co d-band center relative to
the unmodified TiO,/CoP. A volcano-shaped relationship was ob-
served between Ad and the HER performance (Fig. 4c), in which
CoP/CNQD-S/TiO,-C2 located at the apex with optimal configura-
tion for balanced H*/OH* adsorption and desorption. It is observed
that TiO,-CNQD/CoP-C3 exhibits an opposite direction of Ad with
that of TiO,-CNQD/CoP-C1 and TiO,-CNQD/CoP-C2, toward a much
deeper d-band center (-1.17eV). Such observation suggests that
CNQDs with moderate size can modulate the d-band center of Co
to achieve optimal HER kinetics. Such d-band center modulation
could be rationalized to that the conjugated N-heterocycles in CN-
QDs induced tunable 7 -electron delocalization depends on the size
of CNQDs, which influences the interface electron distribution in
TiO,-CNQD/CoP and thus the d-band center of Co.

Considering that all TiO,—CNQD/CoP series exhibit supe-
rior electrocatalytic HER performance to TiO,/CoP, the sim-
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Fig. 5. (a) Schematic illustration of a typical anion-exchange membrane (AEM) elec-
trolyzer. (b) Polarization curves of TiO,-CNQD/CoP-C2||NiFe-LDH/NGQDs and 20%
Pt/C||RuO, electrolyzers (without iR correction). (c) Chronopotentiometry curve of
the AEM electrolyzer at 1 A/cm?.

plest TiO,-CNQD/CoP-C1 was employed as-proof-concept for
demonstration. The energy barrier for water dissociation at
TiO,—CNQD/CoP-C1 is only 0.9 eV (Fig. 4d), which is much smaller
than that of TiO,/CoP (—1.94eV), indicating a significant acceler-
ation of the Volmer step on the heterostructured interface [59].
TiO,—-CNQD/CoP-C1 exhibits favorable OH* and H* adsorption be-
haviors along the alkaline HER pathway, with a close to zero free
energy of hydrogen adsorption (AGy«) (Fig. 4e). All these observa-
tions confirm that the covalently grafted CNQDs to form the het-
erostructured support modulate the electronic d-band center of Co
(Fig. 4f), optimize water dissociation and intermediate H*/OH* ad-
sorption, toward facilitated HER kinetics and boosted electrocat-
alytic performance.

Considering the excellent hydrogen evolution performance of
TiO,—CNQD/CoP-C2 in alkaline media, a flow-type AEM electrolyzer
was constructed to further investigate its feasibility under actual
industrial conditions. The schematic diagram for a typical AEM
electrolyzer is shown in Fig. 5a, in TiO,—CNQD/CoP-C2 and our
previous work NiFe-LDH/NGQDs serve as the cathode and an-
ode, respectively. Fig. 5b presents the polarization curves mea-
sured at 60 °C (without iR correction), where the TiO,—CNQD/CoP-
C2||NiFe-LDH/NGQDs has a better electrochemical performance
than 20% Pt/C||RuO,. The cell voltage increased from 1.88V to
1.90V after 100h at a current density of 1 A/jcm? with a volt-
age degradation rate of 0.22mV/h (Fig. 5c). This TiO,-CNQD/CoP-
C2||NiFe-LDH/NGQDs AEMWE device demonstrates comparable op-
erational stability (Table S4 in Supporting information), under-
scoring the promising practical potential in high-efficiency water
electrolysis.

In summary, we have developed a heterostructured support
based on covalently grafting of CNQDs on TiO, to anchor CoP clus-
ters as HER electrocatalyst. Benefitting from the tunable size of
CNQDs induced controllable degree of m-electron delocalization at
the interface, the Co d-band center could be modulated. A de-
scriptor demonstrating the shift of d-band center relative to that
of TiO,/CoP (Ad) was proposed and exhibits a volcano-shaped re-
lationship with the HER performance. TiO,-CNQD/CoP-C2 with a
moderate CNQD size exhibits an optimal d-band center that fa-
vorable for water dissociation, H*/OH* adsorption and HER kinet-
ics, delivering superior HER activity with only 98 mV overpotential
to achieve 100 mA/cm?2. This work not only provides mechanistic
insight into size-dependent interfacial regulation of d-band center
via nanosized CNQDs, but also establishes a general strategy for ra-
tionally engineering support-catalyst interfaces for heterogeneous
electrocatalysis.
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