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Abstract
Ordered nonstoichiometric Cu1.94S nano superstructure are constructed and provide notably improved

catalytic H2 evolution reaction performance at 2482.00 µmol g‒1 h‒1. Careful selection of metal organic
framework precursors with long range metal ion alignments impact performance, as well-ordered
superstructures give rise to uniform electromagnetic �elds and organized interparticle interactions that
facilitate charge carrier transport. These close packed nanoparticles with negatively charged carboxylate
surfaces inhibit large [Ru(bpy)3]Cl2 and triethanolamine transport outwards, but allow smaller H2O
particles to enter superstructure interiors. In this case, separation happens not only between electrons and
holes but also between reduction and oxidation zones. Abundant dangling bonds also form from the
complex nonstoichiometric Cu1.94S structure and bulk aggregation of close packed Cu1.94S, up to
hundreds of nanometers, provides abundant catalytic active sites.

Introduction
In photocatalysis, the fundamental steps are understood to include light absorption, electron-hole pair
generation, charge separation, and transport1.Enhancing any steps can promote photocatalysis
performance. In terms of improving charge carrier transport, mitigating electronic resistance is crucial in
photocatalysts, especially for nano-powders. Efforts should be made to control catalyst morphology as
excessive grain boundaries will impede carrier movement. Interestingly, facile electronic transport has
been observed in ordered thylakoid stacks found in chloroplasts used for photosynthesis2. Inspired by
these �ndings, we seek to construct ordered superstructures in catalyst materials. In principle, uniform
electromagnetic �elds and organized interparticle interactions found in these structures facilitate e�cient
charge carrier transport3–8.

However, it is still a great challenge to understand the relationship between �ne structure and
photocatalytic property. In this paper, the ordered superstructure was further shed light on, contributing to
the formation of surface dangling bonds on particles.

Synthesis methods to construct ordered superstructures have been seldom explored in the �eld9–12.
Despite this, studies on self-assembly using intermolecular forces have seen promising results13–15.
However, reaction conditions are usually limited to speci�c use cases and synthesis requires precise
control16. Metal organic frameworks on the other hand show long range metal ion alignment and provide
the possibility for topological control in ordered superstructures. Therefore a well-studied benchmark
MOFs, Cu3(BTC)2 (BTC = 1, 3, 5-benzenetricarboxylate, [C6H3(COO)]3−) (known as HKUST-1), was selected
as a copper source for the Cu1.94S superstructure. This method may also be extended to construct other
superstructure designs based on the abundance of MOFs sources.

Nonstoichiometric compound nanocrystals are notable for use as catalysts because they exhibit
abundant surface dangling bonds and defect-induced active sites17–21. Copper chalcogenides in
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particular, are selected as candidates in our work since they observe various stable nonstoichiometric
phases. Cu1.94S is used as the model copper chalcogenide due to its remarkable lattice structure complex
that provides abundant active sites.

Results And Discussion
Cu1.94S synthesis steps areprovided in the method section. All of the reagents were purchased
commercially and used without further puri�cation. The sulfur source was 1-dodecanethiol and the
copper source was Cu(CH3COO)2or Cu3(BTC)2 sol prepared followingreferences in literature 22.PXRD
(Fig. 1a) and FTIR spectra (Fig. 1b) were used to analyze the powder material phase and to investigate
the presence of organic cappingagentson particle surfaces, respectively. It is observable that
bothcatalysts prepared by either Cu(CH3COO)2 (upper) or Cu3(BTC)2 sol (below) display similar PXRD
peaks. All of the diffraction peaks can be indexed as djurleite Cu1.94S (PDF#23‒0959). As for FTIR

spectra, there are stretching vibration absorption peaks indicating Cu‒O (726 cm‒1), C-H (2857 and 2927
cm‒1) caused by 1-dodecanethiol, and C = O present in carboxyl groups (1467 and 1645 cm‒1) from
CH3COO‒ (upper) or BTC3‒ (below).

Cu1.94S morphologies were characterized using TEM. Cu(CH3COO)2 and Cu3(BTC)2 prepared Cu1.94S
aggregate as randomly distributed nanoparticles with diameters of 6.1 ± 0.9 nm (Fig. 2a-c, denoted as
RA) and Cu1.94S ordered superstructure with diameters of 5.1 ± 0.4 nm (Fig. 2d-i, denoted as SS),
respectively. The inset FFT pattern in Fig. 2e shows high stacking order, six-fold axes, and con�rms a HCP
superstructure(Figure S1)10. Ordering also occurs in SS over hundreds of nanometers (Fig. 2g). Small
angle XRD of SS shows equidistance’s of 7.98 nm, which is coincidental with the periodicity found in
ordered structure (Fig. 2h) images. Single particle HRTEM images of SS (Fig. 2i) shows good crystallinity
and the lattice fringe can be indexed to the (804) plane, which corresponds to the strongest XRD
diffraction peak found at a 2θ of 37.62° (Fig. 1a).

Photocatalytic hydrogen evolution experiments were conducted to characterize catalyst performance.
Tris(2,2’-bipyridine)ruthenium(ii) complex [Ru(bpy)3]Cl2, was added as visible-light harvesting agent. An
exact description of the catalyst system (denoted as [Ru(bpy)3]Cl2, Ru-RA, or Ru-SS) is provided in the
experimental section. UV-vis spectra (Fig. 3a) show that orange [Ru(bpy)3]Cl2, Ru-RA, and Ru-SS absorb
visible light intensely, while black copper sul�des exhibit weak absorption. This result also shows that
[Ru(bpy)3]Cl2 is the strongest photosensitizer. Photoluminescence (PL) spectra (Fig. 3b) were used to
investigate photo-induced electron and hole recombination. Obvious �uorescence quenching occurred in
Ru-SS, which indicates effective inhibition of recombination.

Capacitance measurements were conducted to obtain a Mott-Schottky plot (Figure S2), from which one
can see that SS is a p-type semiconductor with a �at band potential of 1.68 V and a top valence band of
1.78 V. Solid UV–vis absorption spectra (Figure S3) shows that the bottom conduction band (CB) of SS is
‒0.22 V, which is lower than E(H2O/H2). This CB is more positive than the HOMO of [Ru(bpy)3]Cl2 (‒0.88
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V)[23] and permits electron transfer from [Ru(bpy)3]Cl2 to SS (Fig.3c). Theadaptive band structure enable
Ru-SS to photo-catalyze hydrogen evolution.

Photocatalytic H2 evolution reactions (HER) were also carried out under visible light irradiation as a

model reaction. H2 evolution rates found in Ru-SS were 2482.00 µmol g‒1 h‒1 and about �ve times

greater than that of Ru-RA (520.29 µmol g‒1 h‒1). The Cu1.94S-SS system in this paper shows high H2

evolution rates. As shown in Table 1, this rate was even found to be higher than those of some other
metal sul�de nanocomposites27 − 33.  

Table 1
Comparison of Ru-SS with nano-copper sul�des

for photocatalysis of H2 evolution reactions

Catalyst H2 evolution rate

µmol g− 1 h− 1

Reference

Ru-SS 2482.00 this work

Ru-RA 520.29 this work

SS 20.46 this work

[Ru(bpy)3]Cl2 0 this work

Cu1.94S 34.038 24

Cu1.94S 20 25

Cu1.94S 11 26

Photoelectrochemistry, photophysics, and electrical performance were further studied to elucidate this
markedly improved catalysis. Conditions for photoelectrochemical measurement are described in the
experimental section. Both Ru-RA and Ru-SS show fast photocurrent response, as shown in Fig. 4a. Ru-
SS exhibits higher photocurrent density, which indicates faster charge separation. Time-resolved
�uorescence decay spectra (Fig. 4b) show that the average �uorescence lifetimes for [Ru(bpy)3]Cl2, Ru-
RA, and Ru-SS are 148.95, 155.22, and 162.88 ns, respectively. Ru-SS shows the longest lifetime, which
indicates the best electron-hole pair separation or lowest electron-hole recombination rates. Nyquist plot
were used to measure the electrical conductivity of RA and SS. Smaller Nyquist arc radii seen in SS
(Figure S4) show higher electrical conductivity, which suggests faster interparticle charge transfer.
Therefore, SS related samples provide relatively fast photo response, low electron-hole recombination
rates, and fast interparticle charge transfer. These properties collectively enable signi�cantly improved
photocatalytic performance.
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Fine structure investigation is one of the challenges inhibiting deep understanding and rational design of
catalysts. RA and SS exhibit distinguished catalytic activity but show only stacking pattern differences
according to TEM. Thus X-ray Absorption Fine Structure (XAFS) was used for further characterization and
results are shown in Fig. 5 and Table S1. Figure 5c shows EXAFS peaks of curves in R space that are
characterized as Cu‒S bonds. According to local structure �tting (Table S1), the Cu‒S average
coordination number (CN) is 1.5 and 3.1 for SS Cu1.94S and RA Cu1.94S, respectively. This is much lower
than that of bulk Cu1.94S, as shown in its lattice structure (Figure S5), but is reasonable for nanomaterials
with large quantities of unsaturated surface coordinate ions. Here the unsaturated coordinate ions are
copper. Closed packed structures in SS can provide extra stability for abundant dangling bonds upon the
CN difference of SS and RA. Cu‒O bonds are present in incomplete Cu2+‒BTC3‒ (SS) or Cu2+‒CH3COO‒

(RA), which is deduced from IR spectra (Fig. 1b) and con�rmed by EXAFS calculation. The lower Cu‒O
CN in SS (1.2) than that in RA (2.6) indicates that the amount of BTC3‒ (SS) is less than that of CH3COO‒

(RA) on the nanoparticle surfaces. Relative anion amounts were also identi�ed using zeta potentials,
which are − 10.07 mV and ‒18.35 mV for SS and RA, respectively. Less negative zeta potentials present
in SS indicate less negatively charged carboxylate and thus more unsaturated copper.

Normalized Cu K-edge X-ray absorption near edge structures (XANES) of SS and RA are shown in Fig. 5b.
The lower absorption edge of SS shows that the oxidation number of copper in SS is lower than that in
RA. This may be due to a less abundance of Cu2+ from incompletely broken Cu2+‒BTC3‒ than that from
incompletely broken Cu2+‒CH3COO‒.

More surface dangling bonds, lower Cu‒O CN, and lower oxidation number indicate that SS has less
BTC3‒ on nanoparticle surfaces. This is potentially due to close-packed ordered arrangements. In
addition, the steric hindrance of BTC3− is greater than that of CH3COO‒. When considering molecular

structures, it can be deduced that the close packed ordered superstructure, as well as residue BTC3‒,
block e�cient transport of large [Ru(bpy)3]Cl2 (1.329 nm⋅1.329 nm⋅1.329 nm) and triethanolamine
(TEOA, 1.150 nm⋅1.150 nm⋅1.070 nm) (Figure S6) outwards but allow small H2O to enter the interior of
SS.

This process and key factors for remarkably enhanced catalytic performance found in SS photocatalyst
is summarized in Scheme 1. First, incident visible light induces metal-to-ligand charge transfer and
generates electron-hole pairs in [Ru(bpy)3]Cl2. Afterwards, electrons move to Cu1.94S due to their adaptive
band structure. Then, 1-dodecanethiol and carboxylate on particle surfaces, along with the close packed
structure, block large [Ru(bpy)3]Cl2 and TEOA transport outwards but allow small H2O to enter the interior
of Cu1.94S aggregates. Electrons are used to reduce H2O to H2, while holes are sacri�ced by TEOA around
[Ru(bpy)3]Cl2. The catalytic region is divided into reduction zones (interior) and oxidation zones (outside)
for SS. In comparison with RA, SS prepared by MOFs exhibit ordered superstructure and show relatively
higher electron conductivity caused by uniform electromagnetic �elds and interparticle interactions. SS
has also more surface dangling bonds and offers more catalytic active sites. Therefore, catalysts
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containing SS provide more e�cient separation of electrons and holes. Close packed SS with more steric
hindrance provided by BTC3‒ also block [Ru(bpy)3]Cl2 and TEOA more e�ciently.

In summary, we constructed Cu1.94S nanocrystal ordered superstructure and clearly show that the
materials have bene�cial properties distinct from single and randomly aggregated counterparts. The
close-packed ordered nanoparticles were simply prepared by careful selecting MOFs as metal sources
that simultaneously endow materials with more catalytic active sites and more e�cient redox. Therefore,
as prepared model Cu1.94S exhibits greatly improved HER catalytic performance of 2482.00 µmol g‒1 h‒1

and provides guidelines to inform future catalyst design.

Methods

Characterization 
Powder X-ray diffraction (XRD) analysis was performed using a Rigaku Dmax-2000 diffractometer
equipped with Cu Kα (λ = 0.15406 nm) radiation. FTIR analysis of nanocrystal surfaces was performed
on a Nicolet AVATAR 330 Fourier Transform Infrared Spectrometer in the range of 400–4000 cm−1.
Catalyst morphologies were observed with transmission electron microscopy (TEM, JEOL JEM-2100F)
and operated at 200 kV. UV-visible absorption (UV–vis ABS ) was conducted on a Perkin Elmer UV-Vis-NIR
Spectrophotometer Lambda 950 at room temperature. Steady photoluminescence spectra were
measured on Combined Fluorescence Lifetime and Steady State Spectrometers (Edinburgh FLS920) at
an excitation wavelength of 406 nm. Time resolved photoluminescence spectra were conducted by
Edinburgh FLS920 equipped with a picosecond pulsed light emitting diode (Edinburgh EPLED-405). The
excitation and emission wavelength were 406 nm and 610 nm, respectively. Samples were prepared by
ultrasonic dispersion of 5mg RA or SS in 5 mL 0.05 mg/mL [Ru(bpy)3]Cl2 for 30 min, denoted as Ru-RA
and Ru-SS. Sample that contained only 5 mL 0.05 mg/mL [Ru(bpy)3]Cl2 was denoted as [Ru(bpy)3]Cl2.
Photocurrent density, Nyquist plots, and Mott-Schottky plot measurements were obtained using CHI 760D
electrochemical workstations (CHI, Shanghai). X-ray absorption spectra were collected at the 9-BM-C
beamline (Advanced Photon Source (APS) at Argonne National Laboratory (ANL)) in the transmission
mode at Cu K-edge. The spectra were normalized and analyzed using Athena software. EXAFS raw data
were background-subtracted, normalized, and Fourier transformed using standard procedures in the
IFEFFIT package. Generated hydrogen gas was tested and analyzed using a gas chromatograph
equipped with FID (GC 9790 ) and nitrogen acted as the carrier gas. Zeta potentials were measured on
the Brookhaven High Sensitive Zeta Potential and Particle Size Analyzer 90Plus PALS. The solvent was
acetonitrile.

Preparation of Cu3(BTC)2
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Cu3(BTC)2 sol (BTC = 1, 3, 5-benzenetricarboxylate) was synthesized by the following steps: 1,3,5-

benzentricarboxylic acid/anhydrous ethanol solution (0.02 mol L-1, 10 mL) was dripped slowly (1 mL min-

1) into Cu(CH3COO)2/anhydrous ethanol solution (0.01 mol L-1, 10 mL) under ultra-sonication at 25 °C
and then kept for an additional 2 min. After centrifugation, the upper liquid was discarded and the lower
sediment was washed with ethanol three times. This step was repeated 6 times in total. The lower
sediment was collected and washed by 30 mL 1-octadecene 3 times. After centrifugation the upper liquid
was discarded and the lower Cu3(BTC)2 sol was ready for further use.

Preparation of SS Cu1.94S
In an optimized experiment, pre-obtained Cu3(BTC)2 sol (copper source) and 1-dodecanethiol (750 μL, AR,
sulfur source) were successively added into 1-octadecene (29.25 mL, AR) in a three-necked �ask. The
mixture was then heated to 220 °C for 30 minutes under N2, and cooled to room temperature. Products
were precipitated by introducing ethanol (20 mL) and centrifugated at 16500 rpm for 3 min. Precipitates
were then washed with ethanol three times and dried under vacuum at 80 °C for 12 h.

Preparation of RA Cu1.94S
The process is similar to that for SS Cu1.94S except that the copper source is Cu(CH3COO)2 (0.2 g, AR).

Catalysis experiments
In an optimized experiment, catalytic systems were prepared as followed. [Ru(bpy)3]Cl2×6H2O (bpy = 2’, 2-
bipyridine) (2 mg, AR), Cu1.94S (5 mg, RA or SS), and deionized water (100 μL ) were dispersed into a
solution of triethanolamine (TEOA) (1 mL) and acetonitrile (4 mL). This catalytic system was denoted as
Ru-RA or Ru-SS. Comparative catalytic solution without Cu1.94S was denoted as [Ru(bpy)3]Cl2 and that
without [Ru(bpy)3]Cl2 was denoted as SS (Cu1.94S). Catalytic systems with nanopowders were
ultrasonicated for 15 min to enhance dispersion and stirred vigorously during photocatalysis. The light
source was a 300 W Xe lamp with a 400 nm cut-off �lter. After illumination for 1 h, the produced gases
were analyzed and quanti�ed by gas chromatography.
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Figure 1

PXRD (a) and FTIR spectra (b) of as-prepared Cu1.94S.
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Figure 2

(a-c) Morphology schematic, TEM images, and Histograms of diameter distributions in RA; (d-f)
Morphology schematic, TEM images, and Histograms of diameter distribution in SS; (the insets in e:
corresponding FFT patterns), (g) TEM images with low magni�cation of SS; (h) SAXRD patterns of SS
(the insets: corresponding zoom-in pictures of e). (i) HRTEM of a single nanocrystal in SS.
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Figure 3

(a) UV-vis of [Ru(bpy)3]Cl2, Ru-RA, and Ru-SS; (b) PL of [Ru(bpy)3]Cl2, Ru-RA, and Ru-SS (c) Schematic
illustration for band-energy alignment in SS and [Ru(bpy)3]Cl2.

Figure 4

(a) Transient photocurrent density responses of Ru-SS, and Ru-RA; (b) Time resolved photoluminescence
decay spectra of [Ru(bpy)3]Cl2, Ru-SS and Ru-RA.
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Figure 5

(a) XAFS of Cu2S(black), RA Cu1.94S (blue), and SS Cu1.94S (red) (b) Normalized Cu K-edge XANES of
RA Cu1.94S (blue) and SS Cu1.94S (red) (c) EXAFS in R space of RA Cu1.94S (blue) and SS Cu1.94S
(red).
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Figure 6

Scheme 1 Schematic Illustration of Carrier Transfer and Separation in Cu1.94S‒[Ru(bpy)3]Cl2
photocatalytic system.
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