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ARTICLE INFO ABSTRACT

Keywords: In the realm of photoenergy conversion, the scarcity of efficient light-driven semiconductors poses a significant
CANCN semiconductor obstacle to the advancement of photocatalysis, highlighting the critical need for researchers to explore novel
Cds

semiconductor materials. Herein, we present the inaugural synthesis of a novel semiconductor, CANCN, under
mild conditions, while shedding light on its formation mechanism. By effectively harnessing the [NCN] z moiety
in the thiourea process, we successfully achieve the one-pot synthesis of CANCN-CdS heterostructure photo-
catalysts. Notably, the optimal CANCN-CAS sample demonstrates a hydrogen evolution rate of 14.7 mmol g~ h™!
under visible light irradiation, establishing itself as the most efficient catalyst among all reported CdS-based
composites without any cocatalysts. This outstanding hydrogen evolution performance of CANCN-CdS primar-
ily arises from two key factors: i) the establishment of an atomic-level N-Cd-S heterostructure at the interface
between CANCN and CdS, which facilitating highly efficient electron transfer; ii) the directed transfer of electrons
to the (110) crystal plane of CANCN, promoting optimal hydrogen adsorption and active participation in the
hydrogen evolution reaction. This study provides a new method for synthesizing CANCN materials and offers
insights into the design and preparation of innovative atomic-level composite semiconductor photocatalysts.

Photocatalytic hydrogen production
Atomic-level interface engineering
Electron transfer pathway

1. Introduction

Solar-driven photocatalytic water splitting processes, being a focal
area of research in addressing energy challenges, are considered a
promising avenue for renewable energy production owing to their sus-
tained energy supply and environmentally friendly production methods
[1]. Over the past five decades, researchers have endeavored to explore
numerous semiconductor materials (including metal oxides, metal sul-
fides, organic semiconductors, etc.) for photocatalytic hydrogen pro-
duction [2-4]. However, the current photocatalysts have not yet
achieved the required efficiency for practical applications due to factors
such as bandgap width, chemical stability, and rapid -carrier
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recombination. Therefore, the exploration of novel semiconductors that
align with the core principles of photocatalysis is paramount in the
development process of photocatalysis [5-7]. CANCN, a novel transition
metal carbodiimide compound, has attracted significant attention due to
its favorable band gap and excellent photoelectric response [8]. This
compound predominantly coordinates with Cd*" ions through the ni-
trogen atom of the carbodiimide group [N=C=N] 2" (denoted as
[NCN] 27), forming an organic-inorganic hybrid structure [9,10]. The two
relatively electronegative nitrogen atoms and the electrophilic carbon
center constitute the chemically soft carbodiimide group. This results in a
shift in electron cloud density during coordination, leading to an overall
stronger covalent state in CANCN [11].
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Due to the strong recombination of electron-hole pairs within semi-
conductors, the photocatalytic efficiency of a single semiconductor is
relatively low. Therefore, constructing heterojunction structures to
accelerate the separation of electron-hole pairs can enhance the overall
photocatalytic efficiency [12-14]. Currently, significant efforts have
been devoted to constructing heterojunction structures capable of sup-
pressing charge carrier recombination. For example, Huang et al. ach-
ieved enhanced carrier separation within the semiconductor by in-situ
growth of CdS on MXene [15]. Additionally, Kawi et al. By designing a Cd
atomic layer between CdS and CogSg, the transfer of electrons from
CdS/CogSg to Cd atoms can be accelerated [16]. However, constrained by
the different atomic affinities at the heterojunction interface, transition
structures still suffer from loose binding, resulting in hindered carrier
transport at the heterojunction interface. Therefore, assembling different
crystals constructed from the same element to form heterostructures
(such as CANCN-CdS: NCN-Cd-S-Cd) and utilizing the excellent atomic
affinity to construct “quasi-crystalline” transition sites to accelerate car-
rier transport is feasible approach. In heterojunction system, by utilizing
the electron attraction characteristics of the [NCN]% group in CANCN, it
is possible to facilitate directed migration of photoexcited carriers within
the heterostructures, establishing an effective electron transfer pathway
and thus improving the separation efficiency of photogenerated carriers.
Therefore, the development of composite heterostructure photocatalysts
based on CANCN holds significant potential. Currently, the synthesis
methods for CANCN primarily involve solid-state decomposition or
liquid-phase injection techniques, which necessitate stringent conditions
such as oxygen isolation in a glove box or the use of highly toxic sub-
stances like cyanamide [10]. Addressing the challenge of developing a
controlled synthesis method for CANCN and its heterostructures under
milder conditions remains crucial.

As a sulfur-containing compound, thiourea, benefiting from its rapid
desulfurization kinetics and simple molecular formula, is commonly used
as a key precursor for synthesizing CdS [17,18]. However, in current
research on CdS synthesis, the focus primarily lies on utilizing
high-temperature and high-pressure solvothermal methods to induce the
decomposition of thiourea, ultimately obtaining CdS crystals. While this
process accelerates the decomposition of thiourea to yield pure CdS
nanomaterials, it overlooks the bonding of other by-products formed
during the thiourea decomposition process with Cd>" ions. Based on
Valenzuela's speculation, it is inferred that different directional decom-
position products will be generated during the thiourea decomposition
process [19]. However, there is currently no research confirming the
mechanism of thiourea's final products utilization. These uncertainties
obscure the thiourea decomposition process and its products, and the
production of CANCN has been long overlooked. Therefore, it is crucial to
monitor and determine the mechanism of thiourea decomposition and
obtain CANCN materials to gain a deeper understanding of the utilization
mechanism of thiourea.

Herein, we present a novel mechanism for utilizing thiourea, enabling
the one-pot synthesis of efficient CANCN-CdS integrated photocatalysts
under mild conditions. By precisely adjusting the ratio of the Cd source
and thiourea during synthesis, we control the composition and micro-
structure of the composite catalyst. The formation mechanism of CANCN
is elucidated using in-situ Fourier transform infrared spectroscopy (FT-
IR) analysis. Further insights are gained through in situ and ex situ X-ray
photoelectron spectroscopy (XPS) tests and electron localization function
(ELF) calculations, which reveal that the [NCN]zf moiety in the hetero-
structure forms a rapid electron transfer pathway among N-Cd-S, tightly
binding with the Cd atoms in CdS. In-situ atomic force microscopy-Kelvin
probe force microscopy (AFM-KPFM) testing under light illumination
confirmed the direction of electron transport in the heterogeneous pho-
tocatalyst. Steady-state fluorescence testing and femtosecond transient
absorption spectroscopy (fs-TAS) determined that the binding of CANCN-
CdS suppressed the fluorescence emission of CANCN, thereby acceler-
ating carrier separation and ultimately determining the direction of
carrier migration in the sample. Moreover, through hydrogen adsorption
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energy calculations, we identified optimal hydrogen desorption sites on
different crystal planes of CANCN, elucidating charge transfer and
hydrogen evolution pathways. This study validates that the CANCN-CdS
composite sample adeptly constructs atomic-level heterostructure in-
terfaces at the interface, consequently markedly enhancing the overall
efficiency of hydrogen production.

2. Results and discussion

Recent literature reports on the synthesis of CANCN are limited, with
only Dronskowski and Huang et al. noted for their contributions [8,10].
However, their methods, which involve solid-state metathesis reactions
and liquid-phase injection, necessitate stringent conditions and the use of
highly toxic substances. In contrast, our research presents a novel
approach utilizing the thiourea moiety for a one-step synthesis of
CANCN-CdS structures by elucidating the generation of [NCN]% moieties
during thiourea decomposition and employing a gradient concentration
method to judiciously utilize [NCN]Z moieties, we achieved the
controllable one-step synthesis of CANCN-CdS structures. Prevailing
research indicates that heating thiourea in an alkaline environment in-
tensifies the stretching vibrations of the C=S chemical bond, leading to
its decomposition and subsequent release of S2- which then react with
Cd?* to form CdS [20,21]. However, there are discrepancies in reports
about subsequent reaction processes and products [22]. Here, as depicted
in Fig. la-i and Fig. S1, our study employs in-situ FT-IR to monitor
real-time thiourea decomposition in water (Light yellow indicates weak
or near-zero intensity vibrations, while deep purple represents strong
vibrations). As the temperature increases from 298 K to 333 K, the in-
tensity of the —OH (Hz0) stretching band at 3200 cm ™! decreases, and its
frequency shifts towards higher values, which is consistent with previous
work [23]. The vibrational intensity of the C=S bond at 1190 cm !
rapidly diminishes within a frame of 20 min upon reaching a temperature
of 333 K, as shown in Fig. 1a-ii. Subsequently, after maintaining this
temperature for an additional duration of 20 min, the characteristic peak
associated with the C=S bond nearly disappears, indicating cleavage of
the C=S bond in thiourea in the heated aqueous environment (Equation
(1)) [24]. Meanwhile, the vibrational peak corresponding to the C-N
bond at 1230 cm™! gradually emerges and continues to intensify until it
reaches its maximum intensity towards the end of a period lasting
approximately 50 min (Fig. 1a-iii) [25]. The infrared feature peak of the
C-N bond decreases rapidly after 50 min and nearly vanishes around 80
min, suggesting that all thiourea has progressed to the second stage of the
reaction, resulting in the formation of -[CN2H-] and ultimately [NCN] % as
described by Equations (2) and (3). The asymmetric stretching vibration
peak at 2278 cm ! signals the presence of N-C=N, indicative of the in-
termediate -[CN2H:] formation [22,26]. As time progresses, the intensity
of this N-C=N stretching vibration peak increases, signaling a higher
concentration of intermediate products and facilitating the formation of
[NCN]* (Fig. 1a—vi). Moreover, the symmetric stretching vibration peak
attributed to N=C=N around 2130 cm ™! is shielded due to the influence
of water's associational bands.

(NH,),CS < H,S+ - [CNH,] )
[CNHy] < [NCNJ™ + 2H @
2Cd>* + (NH,),CS + 40H-3CdS + CANCN + 4H,0 3

In this study, we employed a combination of experimental product
characterization and theoretical calculations to collectively validate the
presence of the N=C=N group [27]. Bond dissociation energy (BDE)
calculations were utilized to evaluate the energy required for chemical
bond cleavage during thiourea decomposition, revealing a detailed
mechanism through optimized simulation processes [28]. The initial step
of thiourea decomposition, as illustrated in Fig. 1b, primarily involves
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Fig. 1. (a) In-situ FT-IR of thiourea heated in aqueous solution: (i) survey spectrum, (ii) variation of C=S bond intensity at 1190 cm™
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min); (b) Calculation of thiourea bond dissociation energy; (c) Mechanism diagram of the decomposition of thiourea to produce CANCN and CdS; (d,e) XRD spectra (d)

and FT-IR spectra (e) of CANCN-CdS and pure CdS samples.

cleavage of the side-chain N-H bond, which necessitates lower energy
compared to breaking the C=S bond. This initial cleavage induces an
internal charge imbalance that facilitates subsequent rupture of the C=S
bond and lead to the formation processes outlined in Equation (1).
Further decomposition of -[CNzH:] reveals that cleaving N-H bonds re-
quires less energy than breaking C=N bonds, resulting in the formation of
the final [NCN]?- moiety (Equation (2)). Single-point energy and VSAP
calculations for structural energy changes corroborate these findings
(Figs. S2-S3). These calculations indicate that the C=S bond is more
susceptible to cleavage, releasing Szf, while decomposition of the [(NHz2)
CN] group occurs at a slower rate. This difference significantly influences
the sequential formation of CdS and CANCN during the synthesis. Con-
trary to previous reports, our study finds that -[CN2Hz] does not merely
lose an H* ion to form an N-C=N structure [29]. Due to the moderate
Pearson hardness of Cd2+, the -[CN3Hy] formed after dehydrogenation
binds to Cd%™ in a spatially symmetrical double bond structure, forming
an organometallic ligand for the transition metal [10,30]. Meanwhile, in
the presence of excess metal ions in the solution, S? initially dissociates
on a temporal scale, interacting with Cd%* to form CdS. Subsequently, the
further dissociation of [NCN] 2" moieties binds with the remaining Cd2+,
ultimately leading to the production of CANCN. Thus, under specific
heating conditions, the reaction between Cd2', thiourea, and OH can
simultaneously produce CANCN and CdS (Equation (3)). The proportions
of these products can be controlled by adjusting the reaction conditions
and the ratio of Cd?" to thiourea. The dissociation process is schematically
illustrated in Fig. 1c and Fig. S4.

By adjusting the CdCl; to thiourea ratio to 1:0.5, 1:1, 1:3, and 1:15,
we synthesized four samples including three types of CANCN-CdS and a
pure CdS. These samples are denoted as CANCN-CdS-0.5, CANCN-CdS-1,
CdNCN-CdS-3 and CdS-15 respectively. As depicted in Fig. 1d, the X-ray
powder diffraction (XRD) characteristic peaks of CdS were clearly
observed at 24.8°, 26.5°, and 28.2° for all samples (PDF#06-0314).
Notably, the intensities of the crystalline diffraction peaks at 18.2° and
31.6°, corresponding to the (100) and (110) crystal planes of CANCN
(PDF#36-0657), exhibited enhancement with decreasing thiourea ratio.
Fourier-transform infrared spectroscopy (FT-IR) was performed to iden-
tify. the types of organic ligands in CANCN. In Fig. 1e, the ¢ deformation
vibration of the N=C=N group at 650 cm ! was clearly observable in all
CANCN-CdS samples. A strong asymmetric vibration at 2100 cm™,
which is characteristic of carbodiimide groups in infrared spectra, was
also evident. Interestingly, the absence of the symmetric stretching vi-
bration typically associated with the [N=C-N]% moiety at 1230 cm™! in
the CANCN-CdS samples suggests that the CANCN is composed of
[N=C=N]? organic ligands rather than [N = C-N]% [10].These charac-
terization results from XRD and FT-IR confirm that a novel CANCN-CdS
composite material with tunable proportions can be successfully syn-
thesized in a one-step process by adjusting the ratio of thiourea to Cd
source material. Concomitantly, ammonia molecules within the reaction
milieu can coordinate with Cd2* ions, thereby generating
ammonia-metal complexes. This complexation process retards the pre-
cipitation of metal ions, facilitating the comprehensive reaction between
the [NCN]? moieties, which possess comparatively sluggish dissociation
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rates, and Cd?*" ions from the solution on the CdS crystal nuclei, ulti-
mately resulting in the formation CANCN nanosheets. To further inves-
tigate this phenomenon, we utilized NaOH as a substitute for ammonia
solution to modulate the pH of the reaction system. XRD results indicate
that at pH = 11, neither ammonia nor sodium hydroxide has an effect on
the generation of the final product [NCN]Z (Fig. S5). However, the faster
release of metal ions in NaOH solution accelerates the overall reaction
rate, leading to a more compacted structure in the final sample rather
than nanosheet morphology (Fig. S6). Furthermore, considering the
environmental impact of Cd2*, the actual yield of the catalyst was
evaluated. As shown in Tables S1-2 and Fig. S7, the catalyst yield in this
experiment was approximately 86.3 %. Additionally, attempts were
made to reuse the residual reaction solution. As depicted in Fig. S8, the
secondary solution had minimal impact on the generation of the
CdANCN-CdS catalyst, demonstrating the reusability of the solution
post-reaction.

The microstructure of CANCN-CdS and pure CdS samples was exam-
ined using scanning electron microscopy (SEM). As shown in Fig. 2a, the
CdANCN-CdS-0.5 exhibited nanosheets with a stacked morphology con-
sisting of multiple layers. This can be attributed to an insufficient amount
of thiourea, where the dissociation rates of S2 and [NCN]? during the
reaction process do not exhibit a significant temporal gradient concen-
tration difference. The synchronous generation of CdS and CANCN im-
pedes CdS from serving as the growth nucleus for CANCN, resulting in a
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less compact binding between the generated CANCN and CdS. As the
molar ratio of thiourea increases, the.

CdANCN nanosheets gradually thin out in the CANCN-CdS-1 sample. In
this configuration, CdS nanoparticles serve as crystal nuclei and struc-
tural supports between CANCN layers, effectively inhibiting the aggre-
gation of CANCN nanosheets. In the CANCN-CdS-3 sample, more Cd**
react with $— to form CdS, leading to a reduction in the size of CANCN
nanosheets. To further validate the differences in microstructures, we
conducted BET analysis to measure the specific surface area of the
CdNCN-CdS-0.5, CANCN-CdS-1, and CANCN-CdS-3 samples. As shown in
Fig. S9, among the three samples, CANCN-CdS-1 exhibited the largest
specific surface area. This is because the optimal Cd:thiourea ratio in
CdNCN-CdS-1 prevents excessive stacking or breakage of the nanosheets,
resulting in a more favorable microstructure. With further increases in
the thiourea molar ratio (1:6, 1:8, and 1:10), the yield of CANCN con-
tinues to decrease until eventually leading to complete disappearance of
the nanosheet structure observed in SEM images (see Fig. S10). Thus, by
controlling the molar ratio of Cd>* to thiourea, precise manipulation of
the composite catalyst components can be achieved, thereby effectively
influencing the ratio and morphology of CANCN and CdS within the
CdNCN-CdS photocatalyst. Fig. 2b provides a more explicit illustration of
the significant differences in composition and microstructure of the
products obtained at varying ratios of CdCl; to thiourea.

High-resolution transmission electron microscopy (HRTEM) images

Lattice distortion

CdS(002)

Fig. 2. (a) SEM images of CANCN-CdS and pure CdS samples; (b) Schematic illustration of the microstructural changes induced by different CdCl, and thiourea molar
ratios; (c-e) HRTEM images; (f) AC-STEM image; (g) HAADF image and TEM-EDS mapping of CANCN-CdS-1 heterostructures photocatalyst.
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of the CANCN-CdS-1 sample, depicted in Fig. 2¢ and d, confirm its unique
sheet-ball composite structure morphology. The nanosheets are approx-
imately 6 pm in size, while the nanoparticles have a diameter ranging
from 100 to 200 nm. Detailed HRTEM analysis at the interface between
the nanoparticles and nanosheets, including their magnified views
(Fig. S11), clearly reveals the distinct lattice spacings. Notably, Fig. 2e
and Fig. S12 illustrates significant lattice distortion at the interface be-
tween CANCN and CdS, indicating the presence of transition sites with N-
Cd-S, which is further confirmed through subsequent XPS characteriza-
tion. To verify the existence of an atomic-level heterojunction, AC-STEM
was used to observe the CANCN-CdS composite heterostructure interface
(Fig. 2f). The measured lattice spacings on either side of the transition

(a)

(c)
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structure were 2.7 A and 3.2 A, corresponding to the (110) crystal plane
of CANCN and the (101) crystal plane of CdS, respectively. Notably, the
spatial distance between Cd atoms at the heterojunction was elongated
due to the larger spatial size of the [NCN]* group compared to S¥
(Fig. S13). TEM/energy-dispersive spectroscopy (TEM-EDS) mapping on
the CANCN-CdS-1 sample reveals a distribution mapping of elements, as
shown in Fig. 2g, demonstrating a widespread distribution of the Cd
element throughout the structure with a primary concentration of the S
element within observed nanoparticle regions in HAADF images. The
uniform distribution of C and N elements enhances the distinctive
characteristics of the CANCN nanosheets. Further detailed elemental
ratio analyses are available in the TEM-EDS data (Fig. S14). In contrast,
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HRTEM analysis of the CdS-15 sample confirms the predominant pres-
ence of pure CdS nanoparticles (Fig. S15). The catalyst and electronic
properties of surface elements were investigated by conducting XPS
analysis (Fig. S16) on pure CANCN synthesized using the Dronskowski
reported method (Fig. S17) [10], as well as CdNCN-CdS-0.5,
CdNCN-CdS-1, CANCN-CdS-3, and CdS-15 samples. The XPS results
reveal a significant abundance of C=N bonds in the initial four samples,
while negligible amounts were detected in the CdS-15. Despite consid-
erable electron transfer occurring between the [NCN]z' group and Cd
atoms at the interface, there was no noticeable variation observed in the
Cd 3d binding energy across all samples. However, a positive shift of
0.12 eV in the S 2p binding energy indicates spontaneous electron
transfer from electron-rich S to electron-deficient Cd%>", which con-
tributes to maintaining charge balance. Detailed analysis procedures can
be found in Supplementary Material. Furthermore, through the utiliza-
tion of in-situ XPS for monitoring the surface chemical state changes
between the ground and excited states of the samples, it becomes possible
to determine trends in electron transfer between substances. Fig. S18a
reveals that both pre and post-illumination survey spectra of the samples
exhibit stable peak positions and relative intensities, indicating a stable
chemical composition of the catalyst under light irradiation. The
high-resolution in-situ XPS analysis presented in Fig. 3 provides detailed
insights into N 1s and S 2p in the CANCN-CdS-1 sample. In the dark state,
the binding energy peak of the Cd-C=N bond is observed at 397.56 eV in
the N 1s peaks. Upon photoexcitation with 405 nm light, a negative shift
of 0.18 eV is observed in this peak, confirming electron enrichment in
CdNCN under photoexcitation conditions (Fig. 3a). Simultaneously, the S
2p peaks exhibit a positive shift of 0.12 eV under illumination, compared
to the dark conditions (Fig. 3b). Additionally, during this process, it can
be observed that the XPS peak positions of Cd 3d almost remain un-
changed (Fig. S18b). This result illustrates a spontaneous electron
transfer from the electron-rich S% to the electron-deficient Cd%>", main-
taining overall charge balance within the system. To determine the
localization and delocalization of electrons at the transition structures
between N-Cd-S, ELF calculations were employed. These calculations
help visualize the electron clouds at the transition structures, providing
insights into the distribution of electrons among the atoms [31,32]. In
Fig. 3c, ELF values are depicted using a color scheme where yellow in-
dicates high electron localization and blue signifies electron delocaliza-
tion. The side-view ELF image of CANCN-CdS shows localized electron
clouds between N and Cd. At the N-Cd connection sites, the valence
electron cloud of N atoms expands on the side where it connects to Cd
atoms. This expansion results from the strong electron attraction of N
atoms pulling the valence electrons from Cd, leading to a redistribution
of electron clouds that confirms the tight binding between N and Cd
atoms. Moreover, at the S-Cd connection, the electron cloud of S atoms
also shifts towards Cd atoms, further illustrating the pathway of electron
transfer through the N-Cd-S sites. The ELF values at the N-Cd connections
are around 0.5 (Fig. 3c left), indicative of an efficient electron transfer
pathway between these atoms [33,34]. By integrating the spectral in-
formation from in-situ and ex-situ XPS measurements with ELF analysis, a
comprehensive electron transfer model for the S-Cd-[NCN] system is
established (Fig. 3c right): Electrons spontaneously transfer from CdS
through the N-Cd-S transition interface within the CdS-CANCN structure
towards CANCN, irrespective of the material being in the ground or
excited state.

Atomic force microscopy (AFM) in tapping mode was utilized to
precisely characterize the microstructure of the CANCN-CdS-1 sample
(Fig. 3d and Figs. S19a-b). The AFM images revealed the presence of CdS
nanoparticles, approximately 150 nm in diameter, distributed on the
CdANCN nanosheets. Additionally, AFM-KPFM, which measures surface
potentials with nanometer-scale resolution, was employed to visualize
the surface photovoltage (SPV). This technique helped determine the
direction of charge transfer of photo-generated electrons between
CdANCN and CdS [35,36]. Under AM1.5G light illumination, 2D SPV
testing revealed circular regions of high potential surrounded by areas of
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lower potential on the CANCN nanosheets (Fig. 3e left), indicating sig-
nificant electron accumulation on CANCN. This phenomenon suggests
that photo-generated electrons transferring through the Cd-N electron
transfer channel to the surface of the CANCN, creating a noticeable sur-
face potential difference. The contact potential difference (ACPD)
measured on the sample surface reflects the efficacy of hole-electron
separation. During light irradiation, the ACPD at the CANCN-CdS bind-
ing sites reached a maximum of 33.9 mV (Fig. 3e right), surpassing the
ACPD of 23.8 mV observed under dark conditions (Figs. S19c-d). This
higher ACPD signifies a strong driving force, attributed to the intense
built-in electric field within the sample, facilitating effective photo-
generated charge separation. Ultimately, KPFM measurements confirmed
the nanoscale charge transfer trend between CANCN and CdS (Fig. 3f). To
study the excitation and decay of photogenerated carriers in
CdANCN-CdS-1 and evaluate different energy level transitions and elec-
tron transfer phenomena, we used femtosecond transient absorption
spectroscopy (fs-TAS) to assess the ultrafast carrier dynamics of the
sample. The time-resolved behavior of the excited state in the
CANCN-CdS-1 sample is shown in Figs. S20a-c, including excited state
absorption (ESA), ground state bleaching (GSB), and stimulated emission
(SE) signals. Typically, the ESA signal arises from light absorption by
excited-state electrons [37]. After pumping at 400 nm, CANCN-CdS-1
exhibited an enhanced ESA signal over time, with the strongest ESA
signal observed at 968 fs and remaining stable for a period, indicating
that the sample had reached its optimal excitation level. Simultaneously,
a negative AOD signal appeared at 463 fs, which corresponds to the GSB
signal in fs-TAS. The appearance of the GSB signal is generally attributed
to the depletion of ground-state molecules that absorb pump light due to
the reduced number of ground-state molecules during photoexcitation
[38]. Consequently, the GSB signal strengthens alongside the ESA signal
and reaches its most negative value at 1.5 ps, after the ESA signal peaks.
We further fitted the time-resolved data for the wavelengths representing
ESA, GSB, and SE signals (Figs. S20d-f and Table S3) and obtained decay
times of 5364.28 ps, 1270.93 ps, and 2490.71 ps, respectively. The GSB
attenuation at 577 nm for CANCN-CdS-1 exceeds the reported GSB
attenuation value for CdS in the literature (393.38 ps), demonstrating the
excellent electron-hole separation efficiency of CdS-CANCN-1 [39]. The
long decay times of the ESA and SE signals suggest that the photo-
generated electron-hole pairs were successfully separated in the sample,
thereby demonstrating that CANCN-CdS-1 exhibits efficient carrier sep-
aration [40].

Steady-state photoluminescence spectroscopy was employed to
conduct fluorescence emission tests on samples. As depicted in Fig. S21,
with an increase in the proportion of CANCN in the samples, there is a
gradual blue-shift of the fluorescence emission peak accompanied by an
enhancement in emission intensity. This phenomenon can be attributed
to the enhanced ultraviolet absorption by the [N:C:N]Z' moieties,
which intensifies and shifts the fluorescence emission peaks [41,42]. As
the content of [NCN]? moieties decreases, CANCN-CdS-3 and CdS-15
exhibit lower fluorescence emission intensities. Notably, CANCN-CdS-1
shows a fluorescence emission intensity similar to that of
CdNCN-CdS-3. This is attributed to the optimal ratio of CANCN to CdS in
CdANCN-CdS-1, which enhances its charge separation capability and
suppresses the fluorescence emission of the [NCN]? moieties [43,44].
The electrochemical properties were further evaluated through electro-
chemical impedance spectroscopy (EIS). In the Nyquist plot, the
CdNCN-CdS-1 sample demonstrates the lowest resistance (Fig. S22),
indicating an enhanced ability for charge transfer. Moreover, transient
photocurrent response tests confirmed that that the CANCN-CdS-1 sam-
ple displays optimal performance in terms of photoexcited electron
behavior (Fig. S23). These assessments, combined with the EIS and PL
results, provide additional evidence supporting efficient separation and
transfer of photogenerated electrons at the CANCN-CdS interface. Due to
the strong charge separation and transfer ability at the CANCN/CdS
interface, the CANCN-CdS samples exhibit exceptional hydrogen evolu-
tion activity. Notably, the optimal CANCN-CdS-1 sample, without any
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cocatalysts, achieves a groundbreaking photocatalytic hydrogen evolu-
tion efficiency of 14.7 mmol g? h™' (> 420 nm). This efficiency sur-
passes those of the CANCN-CdS-0.5, CANCN-CdS-3, and CdS-15 samples
by factors of 2.37, 3.45, and 7.56 respectively, setting a new benchmark
for CdS-based semiconductor heterostructures (Fig. 3g and h) [45-65].
Furthermore, the CANCN-CdS-1 sample maintained robust hydrogen
evolution performance even after five cycles, demonstrating its durability
(Fig. S24). We supplemented our analysis with XRD, SEM of the material
and ICP test data of the solution after the reaction (Fig. S25 and
Table S2). The XRD peaks of the CANCN-CdS-1 sample remained almost
unchanged, indicating that the sample maintained good stability even
after prolonged reactions. In SEM images, CANCN exhibited partial
agglomeration, which is due to the inevitable aggregation of nanosheets
after prolonged hydrogen evolution reactions. Under illumination with
400 nm light, the apparent quantum efficiency (AQY) of the
CdNCN-CdS-1 sample reaches an impressive 20.5 %, as shown in Fig. S26
and Tables S4-6, The exceptional photocatalytic performance can be
attributed to the unique crystal and two-dimensional structure of CANCN,

(a)
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which effectively reduces carrier migration distances and facilitates rapid
electron transfer.

The photoresponse of CANCN in Fig. 4a exhibits a remarkable step-
like behavior. In the ultraviolet-visible (UV-Vis) region spanning from
300 to 550 nm, CANCN demonstrates a strong and particularly intense
response to ultraviolet light, especially below 300 nm. This enhanced
response can be ascribed to the conjugation effect arising from unsatu-
rated N=C=N groups. Additionally, Fig. 4b and Fig. S27 presents the
UV-Vis diffuse reflectance spectroscopy (UV-Vis DRS) of all samples
prepared with varying molar ratios of CdCl, to thiourea. In the CdS-15
sample, the absorption edge is positioned around 600 nm. However, as
the molar ratio of thiourea decreases, leading to an increased proportion
of CANCN in the composite, the absorption edge of the catalyst shifts to
shorter wavelengths, nearing 500 nm. This shift indicates a change in the
optical properties of the composite as the content of CANCN increases,
which consequently affects its overall light absorption and photocatalytic
performance.

The UV-Vis DRS was employed to analyze the bandgap structure of
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CdS-15 and CANCN using the Tauc formula. Consequently, both samples
exhibit bandgaps of 2.32 eV and 2.17 eV, respectively (Fig. 4c and d).
Further analysis using valence-band X-ray photoemission spectroscopy
(VB-XPS) identified the VB edges relative to the Fermi level, with CANCN
at 1.45 eV (vs Ep) and CdS-15 at 1.37 eV (vs Ep). By converting these
values to the normal hydrogen electrode (NHE) scale using the formula
Eyp, NuE=¢+Evp.xps—4.44 [66] (where p=4.2 eV, the instrument work
function), followed by conversion to the reversible hydrogen electrode
(RHE) scale, the VB potential (Eyg) of CANCN and CdS are determined to
be 1.62 V and 1.54 V (vs RHE), respectively (Fig. 4e and f). The con-
duction band potential (Ecp) positions were determined by calculating
using the formula Ecg=E; —Eys, resulting in —0.55V for CANCN and
—0.78V for CdS-15 (Table S7). Moreover, Mott-Schottky (M — S) tests
revealed flat band potential (Eg,) of —0.50 V and —0.63 V for the CANCN
and CdS-15 samples, respectively, as shown in Figs. S28a-b [67]. Given
that the Ecp is typically approximately 0.1 V more negative than the Eg,
[68], the Ecp values are adjusted to -0.60 V for CANCN and -0.73 V (vs
RHE) for CdS-15. Ultimately, the VB potential for CANCN and CdS-15 are
determined to be 1.57 V and 1.59 V (vs RHE), respectively (Table S8). To
investigate the detailed bandgap structure of CANCN, density functional
theory (DFT) calculations were employed to derive both the band
structure and the density of states - projected density of states
(TDOS-PDOS). This approach helped delineate the excitation mechanism
of CANCN. It is important to note that standard DFT calculations often
underestimate band structures due to incomplete descriptions of
electron-electron interactions. To address this, an adjustment for electron
Coulomb force (DFT+U) was applied [69]. The crystal structure used for
band structure and density of states calculations is illustrated in Fig. S29.
In these calculations, the bandgap of CANCN is measured to be 2.29 eV.
Additionally, the valence band maximum (VBM) and conduction band

—
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minimum (CBM) are determined to be located at the I and D-D, wave
vectors, respectively. The VBM and CBM located at different wave vec-
tors dictates that electronic transitions require not only energy excitation
but also phonon participation to change the electronic momentum and
ultimately reach the conduction band minimum. This characteristic
confirms that CANCN belongs to a typical indirect bandgap semi-
conductor (Fig. 4g). Further identified the atomic orbital positions
contributing to the VBM in CANCN through partial density of states
(PDOS). The N-PDOS analysis reveals that at the VBM, the energy near 0
eV is predominantly associated with the p orbital electrons of nitrogen
(Fig. 4h). This finding implies that during photoexcitation, transitions of
nitrogen's p orbital electrons from the VBM to the CBM play a crucial role
in the photocatalytic hydrogen evolution reaction.

The surface work function reflects the minimum e to its surface
vacuum layer. The magnitude of this work function indicates differences
in the electron work functions between materials, thereby revealing the
potential for electron transfer [15]. As depicted in Fig. 5a and b, the work
function values of the CdS-(002) crystal plane and the CANCN-(002)
crystal plane samples are determined to be 5.13 eV and 8.28 eV,
respectively. It is noteworthy that the CANCN-(002) crystal plane exhibits
two distinct work function values corresponding to its top and bottom
surfaces, indicating the presence of two different electron emission
conditions. This disparity in work function primarily arises from the
heterogeneity in surface atomic arrangements. Generally, the presence of
an outwardly directed surface polarization electric field perpendicular to
the surface leads to an increase in the system's work function. Due to the
attractive capability of [NCN]? moieties towards external charges, a
polarization electric field along the (002)-[NCN]? surface towards the
vacuum layer is generated, ultimately resulting the difference in work
function [70]. When CdS and CANCN come into contact, electrons

—
(2)
N

s S 6] Vi mlevell S 6]
2 5] Vaccum level L rEr--F---- LR B S Vaccum level
3 o] i 2 2] g 2 ®= 643eV
G -2/ ®=5.13 EVE 3 v § 0] Ppor =8.28 eV ===~ g o] 1 93 eV
- = - v = = -
2 el == 1 _ E=-358eV 52 0p =3.84 eV 8 24~ -4 42
o o-a|— — o -4]
& T-6] B -61
i+ || esee | I i3
§‘1° 1 *ﬂﬂogﬂ > *;&10 ] £-10]
] ¥ S
212 212] 212 &?—*& #ok
-14 . . y : y -14 -14 ;
o 5 10 15 20 25 0 & _10 15 20 25 0 10 15 20

~—— (110)-CdNCN  -0.
(201)-CdNCN  -1.!
—— (100)-CdNCN -2,

Hve

Vs. RHE |

(A3) (HOWV) ABJauad a3l

1.54V

Z axis coordination

CANCN-(110)

s\tgl\%lrface X

13333
1

\ = =
N

—— e e — — — — — —

ab g

CdNCN-(002)

Crystal suﬁac& o

ﬁ XL R
‘ ‘ ‘qo © © o

T
1A B & 8,

| & & Cds-(002)
\ Crystal surface ©
\l\ ] - - - /

Fig. 5. Work function calculations for different components: (a) CdS, (b) CANCN, and (c) CdS- CANCN; (d) Differential charge density between CANCN and CdS; (e)
Calculation of Gibbs free energy of H adsorption (AGy) on different crystal facets of CANCN; (f) Band gap structure analysis of CdS-CANCN; (g) Schematic diagram of

charge transfer in CdS-CANCN(002)-CdNCN(110)-H, system.



T. Huang et al.

transfer from from the material with the lower work function (CdS) to the
material with the higher work function (CANCN) to balance the potential
difference across the interface. As depicted in Fig. 5c, the resulting work
function of the CANCN-CdS heterojunction is calculated to be 6.43 eV.
Fig. 5d and Fig. S30 illustrates this electron transfer, which is confirmed
by the electron gain-loss layer depicted in the differential charge density
plot for the CANCN-CdS interface. Considering the influence of different
crystal facets on the adsorption capacity of hydrogen atoms, we evalu-
ated the adsorption free energy of hydrogen atoms on various crystal
facets of CANCN. The optimal adsorption sites for hydrogen atoms on the
(002), (110), (100), and (201) crystal facets are displayed in Fig. Se, with
adsorption free energies of -2.54 eV, -0.57 eV, -2.74 eV and -1.55 eV,
respectively. In the process of photocatalytic hydrogen evolution, the
affinity between hydrogen atoms and surface sites plays a crucial role in
determining the overall reaction progression; excessive adsorption can
prevent the release of hydrogen atoms post-Hy formation, while exces-
sively strong desorption can inhibit hydrogen participation in surface
redox reactions. Therefore, a Gibbs free energy of adsorption close to 0
eV is most favorable for the hydrogen evolution process [71]. Based on
this fact, it is evident that the N-(110) site emerged as the most effective
active site for photocatalytic hydrogen evolution reactions, providing a
balanced adsorption property conducive to effective hydrogen evolution.
At the same time, the hydrogen adsorption free energy of CdS was also
calculated and the values are shown in Fig. S31. To further determine the
electron flow within different crystal planes, we simulated the band
structures of various planes of CANCN. As shown in Figs. S32-S33, due to
the difference in the valence band and conduction band positions on
different crystal planes, electrons will be directionally transferred from
the (002) plane to the (110) plane [72].

Based on experimental and theoretical findings, we propose the
mechanism for electron transfer at the CdS-CANCN interface and eluci-
date the role of CANCN in photocatalytic reactions. Initially, due to the
presence of a polarizing electric field, CANCN exhibits a significantly
higher work function (&) compared to CdS. When CANCN and CdS come
into close contact, as depicted in Fig. 5f, electrons migrate from CdS to
CdNCN to equilibrate the work function disparity. Simultaneously, owing
to differences in electronegativity, N atoms within the NCN-Cd-S atomic-
level heterostructure exhibit a pronounced attraction towards the
valence electron cloud of Cd atoms, there fostering rapid electron
transfer. Moreover, the ELF calculation results demonstrate the forma-
tion of an electron transfer pathway of N-Cd-S between CANCN and CdS.
During photocatalysis, the strong electronic transport effect driven by Cd-
N interactions accelerates the transfer of photogenerated electrons to the
surface of CANCN. As shown in Fig. 5g, these transferred electrons
encounter spatial hindrance and atomic affinity differences caused by
diverse atomic arrangements, guiding their migration from the (002)
crystal plane to the (110) crystal plane. The (110) plane, which exhibits
optimal hydrogen atom adsorption energy, facilitates the participation of
electrons in the hydrogen evolution reaction, thereby enhancing the
photocatalytic efficiency of the system.

3. Conclusion

By leveraging the concentration gradient of thiourea in a spatiotem-
poral manner, we achieve the controlled preparation of CANCN-CdS
composite catalysts featuring atomic-level N-Cd-S heterostructures.
The optimal CANCN-CdS sample without the need for additional co-
catalysts, exhibits an unprecedented photocatalytic hydrogen evolution
rate among CdS-based photocatalysts. This exceptional performance is
primarily attributed to the tight integration of heterostructures at the
N-Cd-S transition sites at the CANCN-CdS interface, reducing electron
transfer resistance at the heterojunction; and the presence of electro-
negative nitrogen in the N-Cd-S transition structure, accelerating charge
transfer from CdS to CANCN and enhancing the separation of photo-
generated electron-hole pairs. This work opens new avenues for the
utilization of thiourea molecules, establishes a charge transfer model
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based on atomic-level homologous heterostructures, and offers new
possibilities for constructing novel semiconductor systems.

4. Experimental section
4.1. Preparation of CANCN-CdS composite catalyst

The thoroughly mixed solution consisted of 60 mL of 3 mmol CdCly,
with magnetic stirring employed. Subsequently, the pH was adjusted to
11 using ammonia solution (Tianjin Damao, 28%). The reaction mixture
was heated in an oil bath at a temperature of 60 °C until it reached this
temperature. Then, varying amounts of thiourea (Aladdin, AR 99%),
namely 1.5 mmol, 3 mmol, 9 mmol, or 45 mmol were added accordingly.
The reaction was carried out in the 60 °C for 3 h to obtain samples with
molar ratios of CdCl- to thiourea as 1:0.5, 1:1, 1:3, and 1:15 respectively.
These samples are denoted as CANCN-CdS-0.5, CANCN-CdS-1, CANCN-
CdS-3, and CdS-15.

4.2. Photocatalytic hydrogen production performance test

In the standard photocatalytic hydrogen evolution process, 10 mg of
the catalyst sample was added to a 100 mL solution containing 0.35 mol
L~ Na,$ and 0.25 mol L™! NaySO3. The suspension was transferred to a
quartz-sealed container that could be irradiated from the top. To remove
air from the system, nitrogen gas was bubbled into the reaction vessel for
30 min. A xenon lamp with an intensity of 300 W served as the light
source, while visible light was obtained by employing a cutoff filter at
420 nm to eliminate ultraviolet radiation. Gas chromatography (GC-
7900) was employed to analyze the extracted gas from the reactor every
hour for calculating the photocatalytic hydrogen evolution efficiency.
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