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Abstract 

Transition-metal phosphosulfides (TMPSs) have recently shown outstanding electrocatalytic 

performances toward hydrogen evolution reaction (HER), superior to the sulfide and phosphide 

counterparts. However, there are only limited TMMSs available due to the synthetic challenge. 

Herein, we demonstrate a novel synthetic approach for copper phosphosulfide (CuPS) and the first 

application in photocatalytic HER. Based on the thermodynamic considerations of starting 
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materials, two synthetic routes are designed to obtain two distinct crystal structures (CuS|P and 

Cu3P|S). Dramatically enhanced photocatalytic HER activities are achieved for both Cu3P|S 

(2,085 μmol·g-1·h-1) and CuS|P (976 μmol·g-1·h-1) without using co-catalysts. First-principles 

calculations unveil underlying mechanism of the improved HER activity, in which the Gibbs free 

energy of hydrogen adsorption approaches close to 0 eV and the number of active sites 

considerably increases with the formation of CuPS structure. This work provides new insight and 

design principle on preparing TMPSs for high-performance energy conversion applications. 
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Highlights 

 Two copper phosphosulfides (CuS|P and Cu3P|S) are synthesized using conventional solid-

state and novel wet chemical approaches. 

 The new structure, copper phosphosulfide, exhibits an excellent performance in photocatalytic 

hydrogen evolution reaction (HER). 

 The HER activity is correlated to the formation level of phosphosulfide structure that shifts 

the Gibbs free energy of hydrogen adsorption close to 0 eV and considerably increases the 

number of active sites. 
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1. Introduction 

Ever-increasing demand for high quality energy sources and the concerns on environmental 

degradation issues have driven the global efforts on seeking sustainable and renewable energy 

materials and devices.[1] Hydrogen is considered as one of the most promising next-generation 

fuels due to its high energy density, recyclability, and the zero-emission of pollutant.[2,3] Among 

various techniques developed so far, the photocatalytic water splitting offers the most eco-friendly 

way of producing hydrogen fuel,[4,5] while its wide application is largely limited by the cost, 

scarcity, efficiency, and durability of photocatalysts.[6-8] It is, therefore, highly desirable to address 

the challenge by innovative design of new photocatalysts that are based on earth-abundant 

elements yet as efficient and stable as noble metal-based ones. 

Recently, a variety of transition metal compounds have shown high efficiencies for 

photocatalytic hydrogen evolution reaction (HER), which include nitrides,[9,10] carbides,[11,12] 

chalcogenides,[13,14] and phosphides.[15,16] Transition metal phosphosulfides (TMPSs) are the 

newly emerging family of electrocatalysts, which are gaining great interests owing to their superior 

catalytic activities and stability compared with the corresponding sulfide or phosphide forms.[17-22] 

In 2014, molybdenum phosphosulfide (MoP|S) retaining the molybdenum phosphide (MoP) 

crystal structure was prepared by Jaramillo et al.[17] via the surface modification of MoP, showing 

the superb activity and stability for electrocatalytic HER. Similar HER performance enhancement 

was achieved by using cobalt phosphosulfide (CoS|P) of the CoS crystal structure[18] and the 

amorphous CoS|P shell on CoP core.[19] Two different crystal structures of iron phosphosulfide 

were also investigated to show that the surface phosphosulfide (PS) structure play an important 

role in stabilizing and boosting the electrocatalytic HER performance.[20] The beneficial interaction 

between S and P partially transfers the electrons from P to S due to different electronegativity, 
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subsequently tuning each other’s electronic properties to produce an active catalyst phase, where 

the surface oxidation of active sites is mitigated to endow also a good durability.[17,19] 

Although the PS structures have shown good performances in the field of 

(photo)electrochemical hydrogen production,[17-22] recently extending the application to lithium 

sulfur battery,[23] it is so far limited to only a few transition metals, often with a restricted formation 

level, due to the difficulties in synthetic process.[18,19] Currently, the preparation method for most 

TMPSs, if not all, engages the solid-state chemical method, in which a mixture of metal precursors 

and S and/or P sources is annealed at a high temperature, usually between 400 and 700 °C. Such 

harsh thermodynamic conditions required for the solid-state method make it a great challenge to 

tune the structure and property of TMPSs for their extended applications, such as photocatalytic 

HER. In addition, the reported TMPSs were usually prepared on a conductive supporting material 

to attain the good electrical conductivity in an electrocatalytic system, further complicating the 

control of PS structure. Indeed, most TMPSs prepared so far have a core-shell structure, where the 

PS structure is mostly confined on the surface with a relatively lower percentage than the starting 

mother structure. Recently, 2D layered metal phosphorus trichalcogenides (MPS3, where M = Fe 

and Mn) have been prepared by chemical vapor deposition (CVD) or chemical vapor transport 

(CVT) method.[24,25] The synthesis of this new class of materials is not trivial and requires high 

energy for vaporization, as well as a careful optimization of temperature as P atom has to be 

vaporized along with S atoms and completely react with the metal oxide precursor. The general 

method for preparing TMPS with the control of PS structure level and distribution is still not 

available, which may result in limiting their wide application. 

Herein, we demonstrate the synthesis of novel copper-based TMPSs with the control of PS 

formation level under mild conditions and their application in photocatalytic HER as the first 
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example for TMPS with integrated quantum mechanical calculations and experimental 

materializations. Starting from Cu3P and CuS, both of which possess appropriate electronic 

structures for photocatalysis,[26,27] two distinct structures of copper phosphosulfide (Cu3P|S and 

CuS|P) are prepared. To tune the PS formation level, both conventional solid-state reaction and 

newly developed wet-chemical methods are systematically investigated considering the 

thermodynamic properties of starting materials. With the new method, the PS structure formation 

is much facilitated to reach the formation level of ca. 29 %, compared with ca. 9 % of the 

conventional method, which is evenly distributed over thin nanoplate structure. We show that the 

degree of PS formation largely depends on the starting materials and synthetic routes, which 

substantially affects the photocatalytic HER performance. Using first-principles density functional 

theory (DFT) calculations, we reveal two underlying mechanisms for photocatalytic activity of 

copper phosphosuflide: (i) the Gibbs free energy (∆GH*) of hydrogen adsorption lying close to 0 

eV and (ii) increased number of active sites for HER with increasing formation % of PS structure. 

Both experimental and DFT calculations results indicate the formation of PS structure from both 

Cu3P and CuS provides highly active sites for photocatalytic HER. 

 

2. Experimental Section 

2.1 Chemicals 

Copper (I) chloride (CuCl, 97%), copper (II) acetylacetonate (Cu(acac)2, 95%), oleylamine 

(OLA, 70%)), trioctylphosphine (TOP, 97%), trioctylphosphine oxide (TOPO, 90%), sodium 

hypophosphite monohydrate (NaH2PO2·H2O, 99%), o-dichlorobenzene (DCB, 99%), and oleic 

acid (78%) were purchased from Sigma Aldrich. The elemental sulfur (99.98%) was purchased 

from Arcos. All chemicals were used without further treatment. 



7 
 

2.2 Synthesis of Cu3P and Cu3P|S 

Cu3P was synthesized following the literature procedure with a slight modification.[28] In a 

typical procedure, CuCl (1 mmol) and TOPO (2.58 mmol) were dissolved in OLA (5 mL) and 

heated to 100 °C under N2 gas for 30 min. At an increased temperature of 150 °C, TOP (1.12 mL) 

was injected under magnetic stirring and reacted for 5 min. The reaction mixture was purged with 

PH3 gas at 230 °C, which was generated by heating NaH2PO2 (4.7 mmol) in a separate round 

bottom flask at 250 °C in the N2 atmosphere. After 20 min of reaction, the temperature was lowered 

and kept at 200 °C for 15 min. The reaction solution was then cooled down, and the product was 

collected by centrifugation, followed by washing with acetone three times. A similar procedure 

was taken for the synthesis of Cu3P|S except that a pre-determined amount of elemental sulfur 

dissolved in DCB (1 mL) was injected into the reaction solution after purging PH3 gas. The 

temperature was lowered and kept at 200 °C for 15 min. After cooling down, the product was 

collected by centrifugation, followed by washing with acetone three times. 

2.3 Synthesis of CuS and CuS|P 

A modified Ghezelbash’s method[29] was adapted for the synthesis of CuS. In a typical 

procedure, Cu(acac)2 (0.5 mmol) was dissolved in DCB (7 mL) and heated to 110 °C under N2 

atmosphere. To this solution, a mixture of OLA (1.98 mL) and oleic acid (0.075 mL) was injected 

and stirred for 30 min. The elemental sulfur (2 mmol) dissolved in DCB (3 mL) was transferred to 

the reaction solution and the temperature was raised to 180 °C for 1 h. The solution was then 

naturally cooled down to room temperature and the sample was collected by centrifugation, 

followed by washing with hexane and acetone three times. To prepare CuS|P, as-synthesized CuS 

(0.4 mmol) was mechanically ground with a pre-determined amount of NaH2PO2·H2O using a 

mortar and pestle. The solid mixture was then annealed in a tube furnace at 350 °C for 20 min 
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under an Ar flow. 

2.4 Material Characterization 

Powder X-ray diffraction (XRD) patterns were obtained using a Rigaku SmartLab X-ray 

diffractometer with Cu Kα radiation. The spectra were collected from 2θ of 20° to 70° with a step 

size of 0.02° at a rate of 10° min-1. Transmission electron microscopic (TEM) images were taken 

using a JEOL JEM-2100F STEM operated at 200 kV. Samples for TEM analysis were prepared by 

drop-casting the nanocrystals dispersed in chloroform onto a holey carbon-coated 400 mesh Ni 

TEM grid. The elemental compositions and distribution were determined by an energy dispersive 

X-ray spectroscopy (EDX) equipped in TEM. UV-Vis diffuse reflectance spectra were measured 

using a Cary 4000 UV-Vis Spectrophotometer. X-ray photoelectron spectroscopy (XPS) was 

conducted using an X-ray Photoelectron Spectrometer (ESCALAB 250Xi, Thermo Fisher) with a 

monochromic Al Kα X-ray source and a pass energy of 1486.6 eV. 

2.4 Electrochemical measurements 

Catalyst ink was prepared by dispersing the as-prepared product (3 mg) in a mixture of 

deionized water (480 μL), ethanol (480 μL), and Nafion (40 μL, 5 wt.%, Sigma-Aldrich) followed 

by sonication for 30 min. The ink (100 μL) was drop-cast onto a carbon fiber paper (1 cm × 1 cm) 

which was used as a working electrode. Electrochemical measurements were conducted in a three-

electrode system using a CHI 700E electrochemical station where a saturated calomel electrode 

(SCE) and graphite were used as the reference and counter electrodes, respectively, in phosphate 

buffer (pH = 7.4). 

2.5 Photocatalytic hydrogen generation 

As-prepared catalyst (1 mg) was dispersed in an aqueous solution (25 mL) containing the 

sacrificial agent of 0.35 M Na2S + 0.25 M Na2SO3. After degassing with Ar for 30 min, the 
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suspended solution was then irradiated with a solar simulator (Newport, 150 W solar simulator, 1 

sun) equipped with an AM 1.5 air mass filter. The reaction product in the headspace was 

periodically sampled with a gastight syringe and analyzed by an Agilent 7890 B gas 

chromatograph equipped with a thermal conductivity detector (TCD) using nitrogen as the carrier 

gas. 

2.6 First-principles calculations 

We extensively utilized the first-principles density functional theory (DFT) calculations to 

understand the underlying mechanisms for the enhanced photocatalytic HER activity of the copper 

phosphosulfides. The calculations were performed within a generalized gradient approximations 

(GGA) for exchange-correlation (xc) functionals,[30,31] implemented in the Vienna ab initio 

simulation package (VASP).[32,33] The kinetic energy cut-off was set to 400 eV, and the electron-

ion interactions were described by projector augmented wave (PAW) potentials.[34] The Grimme’s 

DFT-D3 method[35] based on a semi-empirical GGA-type theory was adopted for van der Waals 

(vdW) corrections. In the calculations, we considered (1 × 1) and (2 × 2) times surface unit cells 

of Cu3P(11�0) and CuS(001) which have the lowest surface energies in their bulk crystal structures, 

respectively. Then, a H atom was adsorbed on both Cu3P(11�0) and CuS(001) surfaces with H 

coverages of 12.5 %. Our DFT calculations showed that H atoms spontaneously adsorb on the 

surfaces with Gibbs free energies in range from -0.36 to -0.11 eV. For the Brillouin-zone 

integration, (6 × 6 × 1) grids in the reciprocal space were used for both Cu3P(11�0) and CuS(001) 

with the Gamma centered scheme. We setup seven layers slab models for Cu3P(11�0) and CuS(001) 

surfaces, and all atoms except for the bottommost four layers were fully optimized until the 

Hellmann-Feynman forces and energies were converged within 0.02 eV/Å and 1 × 10-5 eV, 

respectively. 
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To identify the HER photocatalytic activities depending on the surface formation levels in 

Cu3P(11�0) and CuS(001) surfaces, we calculated Gibbs free energy (∆GH*) of H adsorption using 

following equation (1):  

∆𝐺𝐺𝐻𝐻∗ = 𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎 + ∆𝐸𝐸𝑍𝑍𝑍𝑍𝑍𝑍 − 𝑇𝑇∆𝑆𝑆         (1) 

, where Eads, ∆EZPE, ∆S, and T are the adsorption energy of hydrogen atom, zero-point energy 

correction and entropy change by the adsorption, and temperature, respectively. Here, ∆𝐸𝐸𝑍𝑍𝑍𝑍𝑍𝑍 −

𝑇𝑇∆𝑆𝑆 was approximated to 0.29 eV.[36] The Eads was defined as  

Eads = 𝐸𝐸𝐻𝐻+𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 −
1
2

(𝐸𝐸𝐻𝐻2)        (2) 

where EH+surf, Esurf, and EH2 are the energies of H adsorption on Cu3P (or CuS), isolated Cu3P (or 

CuS), and H2 molecule, respectively. Using the scheme proposed by Nørskov et al.,[37] ∆EZPE and 

∆S were obtained by following equation (3) and (4): 

∆𝐸𝐸𝑍𝑍𝑍𝑍𝑍𝑍 = 𝐸𝐸𝑍𝑍𝑍𝑍𝑍𝑍(𝐻𝐻∗) − 1
2
𝐸𝐸𝑍𝑍𝑍𝑍𝑍𝑍(𝐻𝐻2)   (3) 

∆𝑆𝑆 = 𝑆𝑆(𝐻𝐻∗) − 1
2
𝑆𝑆(𝐻𝐻2) ≈ −1

2
𝑆𝑆(𝐻𝐻2)  (4) 

Here, ∆𝑆𝑆 is approximated to −1
2
𝑆𝑆(𝐻𝐻2) due to the negligible vibrational entropy of adsorbed H; 

𝑇𝑇∆𝑆𝑆 is obtained to be ca. -0.20 eV at 298 K and 1 bar, with the entropy of gaseous H2 in standard 

states. Using the first-principles DFT calculations, ∆𝐸𝐸𝑍𝑍𝑍𝑍𝑍𝑍 were calculated to be ca. 0.09 and 0.05 

eV for the adsorbed H on CuS and Cu3P, respectively. Therefore, ∆𝐸𝐸𝑍𝑍𝑍𝑍𝑍𝑍 − 𝑇𝑇∆𝑆𝑆  were 

approximated to 0.29 and 0.25 eV for the H adsorption on CuS and Cu3P, respectively. 
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3. Results and Discussion 

Scheme 1 illustrates two synthetic approaches engaged to prepare copper phosphosulfides 

(CuPSs), using either CuS or Cu3P as a host crystal structure for P or S insertion, respectively. As 

we discuss later, the success of phosphosulfide (PS) formation largely depends on the synthetic 

method. In a typical solid-state reaction method (Route A in Scheme 1), the pre-formed CuS is 

mechanically ground with the various amount of NaH2PO2 (12.5, 75, 165, and 237.5 mol% of CuS) 

and annealed at 350 °C to yield products (denoted as CuS|P-1, CuS|P-2, CuS|P-3, and CuS|P-4, 

respectively). The energy dispersive X-ray spectroscopic (EDX) analyses confirm the existence of 

P atoms in the CuS|P samples (Figure S1a). The atomic % of P in CuS|P samples almost linearly 

increases with the amount of NaH2PO2 used (3.9% in CuS|P-1, 6.0% in CuS|P -2, 9.5% in CuS|P-

3, and 9.7 % in CuS|P -4). In contrast, the S atomic % shows a monotonic decrease with the amount 

of P precursor used, from 47.3 % in CuS to 23.2 % in CuS|P-4, indicating the replacement of S by 

P atoms.[20] 

In a reversed reaction where Cu3P is annealed with S source, however, such P-to-S 

substitution is not observed, because Cu3P has the higher thermal stability than CuS (∆Hf for CuS 

and Cu3P are -79.5 and -116.1 kJ·mol-1 at 298 K, respectively).[38,39] To circumvent this 

thermodynamic barrier, a wet chemical method is designed to introduce the S precursor during the 

growth of Cu3P (Route B, Scheme 1). Various amount of elemental S (3.3, 16.7, 33.3, 50.0 mol% 

of Cu3P) has been added to the Cu3P seed solution[26] to successfully yield the CuPS of Cu3P-type 

crystal structure (denoted as Cu3P|S-1, Cu3P|S-2, Cu3P|S-3, and Cu3P|S-4, respectively). The 

incorporation of S atoms into Cu3P is supported by EDX analyses (Figure S1b) where the S 

atomic % increases with the amount of S precursor (11.0% in Cu3P|S-1, 19.8% in Cu3P|S-2, 28.4% 

in Cu3P|S-3, and 36.8% in Cu3P|S-4), while P atomic % decreases from 28.3 % in Cu3P to 14.0 % 

in Cu3P|S-4. It is worth to note that much higher PS formation levels are achieved with the use of 
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less precursor compared to the solid-state reaction method. 

The morphology of CuS|P and Cu3P|S samples are examined by transmission electron 

microscopy (TEM) and compared in Figures 1 and S2. The CuS prepared without P coordination 

exhibits a hexagonal or truncated triangle plate with edges ranging from 36 to 55 nm (Figure 1a). 

The incorporation of small amount of P has no obvious effect on the CuS morphology (CuS|P-1 

and CuS|P-2) although the edges are slightly blunted. With higher P atomic %, the shape of CuS|P-

3 is changed to the rounded plate (Figure 1d), which is probably caused by larger atomic size of 

P (P: 108 pm, S: 106 pm).[20] High-resolution TEM (HR-TEM) images (insets in Figure 1) clearly 

reveal the lattice fringes with unchanged d-spacing of 1.91 Å that corresponds to the (107) planes 

of CuS,[29] indicating that the CuS structure is still retained. The TEM image of CuS|P-4 shows 

merged nanoplates with ill-defined edges and increased d-spacing (1.95 Å), suggesting the 

structural change due to high atomic % of P (Figure 1e). Despite the variation in shape, all CuS|P 

samples display evenly distributed Cu, P, and S atoms from the EDX-mapping (Figure S3a). 

Figure 1f shows the as-synthesized hexagonal Cu3P nanoplates with the edge lengths of ca. 

75 nm. Although the edges lose their sharpness as more S is introduced, the hexagonal shape is 

mostly well maintained up to the S atomic % of 28.4 % (Figures 1g-i), due to mild reaction 

conditions (230 °C) and the presence of capping ligands (TOP and TOPO). The lattice fringes with 

d-spacing of 2.02 Å are evident from the HR-TEM images of Cu3P|S-1 to Cu3P|S-3 (insets in 

Figures 1g-i), which matches the interplanar distance of (300) planes in Cu3P.[28] However, further 

increased S atomic % in Cu3P|S-4 leads to the morphology destruction to aggregated smaller 

nanoparticles that exhibit different d-spacing (1.95 Å, Figure 1j). The co-existence of Cu, P, and 

S atoms evenly distributed in all Cu3P|S sample are confirmed by EDX-mapping (Figure S3b). 

To verify the crystal phase transition suggested by TEM images, X-ray diffraction (XRD) 
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patterns of samples are measured as presented in Figure 2. The pristine CuS exhibits the diffraction 

peaks at 29.3°, 31.8°, 32.9°, 47.8°, 48.0°, and 59.3°, corresponding to (102), (103), (006), (107), 

(110), and (116) planes of CuS (PDF# 06-0464, Figure 2a). After the PH3 treatment, two new 

peaks at 46.1° and 54.6° appeared in CuS|P-1 to CuS|P-3, which belong to (220) and (311) facets 

of Cu1.8S (PDF#24-0061), and intensify with the P atomic % increasing. The formation of Cu1.8S 

is most likely due to the partial reduction of CuS by reductive PH3.[40] Upon the reaction with PH3, 

the Cu-S bond in CuS is first broken and S vacancies are created (Cu2-xS) with which the P atoms 

can coordinate to form PS structure. More importantly, no Cu3P traits are observed after the PH3 

treatment, an indication of atomic replacement of S by P. In addition, slight but obvious peak shifts 

to lower 2θ values are observed in CuS|P-1 to CuS|P-3, which also varies as a function of P atomic % 

(right panel of Figure 2a). For instance, the merged peak of (107) and (110) shifts from 48.0° to 

47.8° (CuS|P-3), probably due to replacement of S atoms with larger P atoms.[20,41,42] This is 

supported by the expansion of unit cell volume of original CuS from 228.15 Å3 to 231.11 Å3 in 

CuS|P-1, 239.79 Å3 in CuS|P-2, and 243.88 Å3 in CuS|P-3 (Figure 2b and Table S1). Meanwhile, 

this peak shift is accompanied by the gradual peak broadening and intensity decrease, which can 

be reasoned with the degradation of crystallinity due to the lattice disorder and strain induced by 

P atoms.[43] The excessive PH3 treatment in CuS|P-4 results in the crystal structure conversion, as 

indicated by its XRD pattern showing the peaks at 37.3°, 45.7°, 48.1°, and 53.5°, corresponding 

to (102), (110), (103), and (112) facets of Cu2S (PDF# 46-1195). This is consistent with the HR-

TEM observation where the observed d-spacing of 1.95 Å can be attributed to (110) plane of Cu2S. 

Figure 2c compares the XRD patterns of Cu3P and Cu3P|S samples. The pristine Cu3P shows 

the diffraction peaks at 36.1°, 39.2°, 41.8°, 45.1°, 46.1°, and 47.3° assigned to (112), (202), (211), 

(300), (113), and (212) planes of Cu3P (PDF# 02-1263).[28] The Cu3P|S samples, except for Cu3P|S-
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4, exhibit similar diffraction patterns as Cu3P without any additional peak, assuring that no other 

sulfide phase has formed. However, as S atomic % increases, the diffraction peaks progressively 

shift to higher 2θ values (right panel of Figure 2c). In particular, two most intense peaks from (300) 

and (113) planes shift from 45.1° and 46.1° (Cu3P) to 45.3° and 46.2° (Cu3P|S-3), respectively. 

From the lattice refinement of the XRD data (Figure 2d and Table S2), it is evident that the volume 

of Cu3P unit cell (348.80 Å3) gradually decreases to 344.11 Å3 (Cu3P|S-1), 338.58 Å3 (Cu3P|S-2), 

and 323.81 Å3 (Cu3P|S-3) with S atomic %. The partial replacement of the larger atomic size of P 

by the smaller atomic size of S is believed to cause this lattice change.[41-42] Based on the 

suggestions from EDX and XRD, the Cu3P|S can allow a 28.4% of P replacement by S without 

losing the initial Cu3P crystal structure, but with lattice disorder in unit cell, resulting in the 

degradation of crystallinity and thus showing obvious peak broadening.[43] With the highest S 

substitution of 36.75% (Cu3P|S-4), however, the XRD pattern suggests that the Cu3P structure has 

been lost. The diffraction peaks at 37.3°, 45.7°, and 48.1° are assigned to (102), (110), and (103) 

planes of Cu2S (PDF# 46-1195). In general, the wet chemical approach allows not only the S 

coordinate on Cu3P to yield Cu3P|S but also the higher coordination levels in comparison with 

solid-state reaction method. 

We engaged the X-ray photoelectron spectroscopy (XPS) to investigate the states of surface 

species on CuS|P and Cu3P|S and validate the CuPS formation. The surface P/S atomic % 

determined by the XPS is in good agreements with the bulk P/S ratio obtained using the EDX 

(Table S3), confirming that the PS structure is uniformly distributed within the nanoplates rather 

than forming a shell-like structure.[18] Furthermore, the XPS survey spectra shown in Figure S4 

confirm the existence of Cu, P, and S in both CuS|P and Cu3P|S samples. The Cu 2p spectrum of 

CuS|P-3 (Figure 3a, top) displays two sets of Cu 2p3/2 and 2p1/2 peaks. The fitted peaks at 933.0 
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and 953.1 eV correspond to the Cu2+ species of CuS (Figure 3a, bottom), while those at 932.0 and 

951.9 eV are assigned to Cu+, suggesting the formation of Cu-P bond.[44] This is supported by the 

P 2p spectrum where the P3- species is confirmed by the peaks at 129.8 and 130.7 eV (Figure 

3c).[19,45] The P-O species due to surface oxidation is also observed at 133.6 eV. The CuS|P-3 also 

shows a much broader S 2p signature than CuS, which are deconvoluted to two groups of peaks 

(Figure 3b, top). The first pair (161.7 and 162.8 eV) is assigned to S2- species corresponding to 

CuS, while the second group at 163.5 and 164.6 eV is ascribed to S2
2- arising from the S-S bond 

in Cu2-xS.[46,47] This agrees well with TEM and XRD results that indicate the reduction of Cu2+ 

with P coordination. 

In the case of Cu3P|S-3, a similar Cu 2p spectrum as in Cu3P is obtained with two main Cu 

2p3/2 and 2p1/2 peaks at 932.1 and 951.9 eV, respectively, well matching the Cu+ species in Cu3P 

(Figure 3d).[48] The peak fitting, however, reveals another set of small Cu 2p3/2 and 2p1/2 peaks at 

933.4 and 953.4 eV, which is ascribed to Cu2+ state due to the Cu-S formation.[44] The S 2p 

spectrum of Cu3P|S-3 clearly shows S 2p3/2 and 2p1/2 peaks at 161.7 and 162.8 eV, respectively, 

corresponding to S2-, which is absent in pristine Cu3P (Figure 3e).[44] Two types of P species are 

evident from the P 2p spectra of Cu3P and Cu3P|S-3 (Figure 3f). The P 2p3/2 and 2p1/2 peaks at 

129.7 and 130.6 eV are assigned to P3- arising from Cu-P bond, while another peak at 133.8 eV is 

attributed to P-O bond due to the surface oxidation.[19] Interestingly, the relative peak area of P-O 

species is reduced after introducing S, suggesting the better stability of Cu3P|S than pristine Cu3P 

in the air.[49] 

The CuPSs prepared from CuS and Cu3P are demonstrated to possess different PS formation 

levels, crystal structures, and surface species compositions, which would impose unique optical 

and electronic properties. The effect of such differences is investigaved by carrying out the 
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photocatalytic HER, and the results are summarized in Figure 4. Both CuS|P and Cu3P|S samples 

exhibit dramatically enhanced photocatalytic HER activities compared to their structural analogs, 

which escalate proportional to the PS formation levels (Figure S5). The HER rate of pristine CuS 

is merely 280 μmol·g-1·h-1, which increases to 528 μmol·g-1·h-1 upon 3.9 % PS formation (CuS|P-

1) and reaches a maximum of 976 μmol·g-1·h-1 with CuS|P-3. This is nearly 350 % enhancement 

of HER rate with 9.5 % PS formation on CuS. The photocatalytic HER activities of Cu3P|S samples 

show even higher promotion effects. The Cu3P|S-3 has reached a maximum HER rate of 2,085 

μmol·g-1·h-1, more than a five-fold increase compared to pristine Cu3P (385 μmol·g-1·h-1). These 

HER rates mark the highest among the recently developed Cu-based photocatalysts, including 

sulfides, phosphides, and oxides (Table S4). This remarkable enhancement of catalytic 

performance is achieved without changing the crystal structure or using any co-catalyst. It can be 

correlated to the Cu3P structure that hosts a high PS formation level (28.4% S in Cu3P|S-3), hence 

allowing the formation of CuPS structure to a greater extent. Meanwhile, in a control experiment 

where a physical mixture of CuS and Cu3P with the identical P:S ratio is used (Figure S6), such a 

boost of HER activity is not observed. Also, in the absence of CuPS catalyst, only negligible 

amount of H2 (0.073 μmol·g-1 h-1) is detected due to the activity of sacrificial agent. In the stability 

aspect, both CuS|P and Cu3P|S samples show no apparent activity loss during the continuous 24 h 

reactions, as illustrated in Figures 4c and d. The characterizations of both samples after 24 h 

photocatalytic reaction confirm the unchanged crystal structure, morphology, and composition 

(Figure S7 and S8), demonstrating their exceptional stability toward photocorrosion. 

One of the known mechanisms of promoting the photocatalytic performance is to enhance the 

optical properties of catalyst, usually by band gap engineering to better utilize the sunlight and/or 

suit the required potential for target reaction. In order to further understand the HER promoting 
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effect, we first studied their optical band structures by UV-Vis diffraction reflectance spectra 

(DRS). Figure S9a compares the absorption spectra of CuS and CuS|P samples, where the 

characteristic surface plasmon resonance (SPR) absorption (550 - 700 nm) of CuS disappears with 

forming PS structure. The corresponding Tauc plot (Figure S9b) indicates that the band gap of 

CuS|P is slightly decreased to ca. 1.93 eV from 2.11 eV of CuS. This can be explained by the 

formation of Cu1.8S that has a narrower band gap of 1.8 eV and weaker SPR effect than CuS.[46,50,51] 

On the other hand, the PS formation in Cu3P appears to have no obvious influence on the light 

absorption as indicated by the same band gap of Cu3P|S as Cu3P (1.52 eV),[52] Figures S9c and d). 

The formation of CuPS in both cases seems to have minimal effects on the band gap energy, which 

rules out the optical property change from the major reason for the dramatic promotion of HER 

performance. It is reasonable to believe that the surface composition and thus the local 

environments of active site have a more significant impact on the HER performance, as it involves 

the surface reaction. 

In general, catalytic activity critically depends on the number of active sites for desired 

reaction. To identify active sites for HER, we calculated the free energy of H adsorption, which is 

the first elementary step of the HER, using DFT calculations. To simulate our experimental process 

for the catalyst design, we set up two model catalysts of CuS (or Cu3P) by different doping levels 

of P or S: one atomic doping per unit cell (CuS|P and Cu3P|S), and two (CuS|2P and Cu3P|2S). Our 

DFT calculations indicate that the CuPS surfaces possess vastly different surface properties from 

the pristine one of CuS or Cu3P. Most important one is that electronic charges dissimilarly 

distributes in the surfaces of CuPS/CuS (CuS|P) and CuPS/Cu3P (Cu3P|S), which substantially 

affects the adsorption of H. Our calculations show that H thermodynamically prefers to adsorb on 

S of un-doped CuS (Figure 5a). The adsorption site is, however, switched to atop of the doped P 
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in CuS|P and CuS|2P; H adsorption is stronger in the P than S with remarkable charge transfer 

from P to H atoms (Figure S10). It means that the PS formation in CuS is a better way to improve 

HER activity. Additionally, the Gibbs free energy for H adsorption (∆GH*) in the P site is located 

at closer to 0 eV with increasing the PS formation level, as shown in Figure 5c and Table S5; 

especially, ∆GH* is equal to -0.19 eV in CuS|2P. Furthermore, with the PS formation level increased, 

Cu is also activated as clearly shown by the reduced ∆GH* (closer to 0) from 1.34 (CuS and CuS|P) 

to 0.61 eV (CuS|2P, Table S5). It is noteworthy that the enhanced HER activity in part comes by 

the increased numbers of active sites. 

For un- and S-doped Cu3P, adsorption behaviors of H on Cu3P are slightly different from 

those of the P-doped CuS surface (Figure 5b and d). Our calculations indicate that H atoms 

preferentially adsorb on hollow sites (Cuh) in Cu3P, regardless of the formation level of PS (Figure 

5b). Here, we found that there is electronic charge transfer from Cu to H both in pure and S-doped 

Cu3P as illustrated in Figure S11. Interestingly, ∆GH* in Cuh sites lies closer to 0 eV as surface PS 

formation level increases (Figure 5d and Table S6); The ∆GH* slightly changes from -0.11 (Cu3P 

and Cu3P|S) to -0.07 eV (Cu3P|2S), indicating the improved HER activities at Cuh sites. Moreover, 

we identified that ∆GH* on P site also shifts closer to 0 eV with PS formed in Cu3P surface. The 

∆GH* on P site decreases from 0.27 (Cu3P) to 0.14 eV (Cu3P|2S), due to the electron charge transfer 

from the surface P to the doped S by the electronegativity difference; electronic charge of P 

decreased from 5.55e (Cu3P) to 5.48 eV (Cu3P|2S, Figure S11). The electronic structures push the 

∆GH* to be closer to 0 by enhancing H adsorption energy at the P atom. In summary, our 

calculations poise that both P and Cuh sites interplay as active sites to improve HER catalysis. It 

means that the doped S not only increases numbers of active sites in the Cu3P surfaces but also 

creates a favorable free energy landscape for HER photocatalysis.  
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This conclusion is also supported with changed electrocatalytic overpotential. Figure S12 

compares the linear sweep voltammogram (LSV) curves measured using as-prepared samples as 

a working electrode under neutral conditions. The overpotential at a current density of 10 mA·cm-2 

of CuS|P is 297 mV (vs. reversible hydrogen electrode, RHE), which gradually decreases to 286 

mV (CuS|P-1), 271 mV (CuS|P-1), and 246 mV (CuS|P-3). Similarly, the overpotential at 10 

mA·cm-2 diminishes from 300 mV (Cu3P) to 238 mV (Cu3P|S-3) with the formation of PS structure 

in Cu3P. Such reduced overpotentials observed with CuS|P-3 and Cu3P|S-3 suggest their smaller 

energy barrier on driving the HER catalysis, thus HER can be easier to drive with the formation of 

PS structure, meaning the enhanced catalytic activity compared to pristine CuS or Cu3P. 

Based on the experimental and DFT calculations results, we proposed the photocatalytic HER 

mechanism on CuPSs in Figure S13. Upon the irradiation, the electrons in the valence band of 

CuPSs are excited to the conduction band that has more negative potential required for the H+ 

reduction to H2. This is the same mechanism as on Cu3P or CuS, yet the formation of PS structure 

makes the ∆GH* thermodynamically favorable for HER and offers more active sites. 

4. Conclusion 

In conclusion, two copper phosphosulfides of distinct crystal structures (CuS and Cu3P) are 

prepared with a tunable range of S and P atomic ratio by engaging two synthetic routes, the solid-

state and novel wet chemical methods. The wet chemical approach provides a mild way of 

introducing high formation levels of PS in Cu3P retaining the crystal structure. Both CuS|P and 

Cu3P|S exhibit dramatically enhanced photocatalytic activities toward HER, which are closely 

related to PS formation level. In particular, the Cu3P|S-3 of 28.4 % PS formation displays a 

maximum HER rate of 2,085 μmol·g-1·h-1 that account for more than a five-fold activity boost 

compared to pristine Cu3P. Our DFT calculations shows that the phosphosulfide structures drive 
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the Gibbs free energies (∆GH*) for the intermediate states to be close to 0 eV and increase the 

number of active sites for H adsorption, leading to the highly improved catalytic activity toward 

HER. This work provides new insights on the synthetic approaches for high-performance TMPSs 

and the fundamental understanding for enhanced HER activities. 
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Figures 

 

Scheme 1. Schematics illustrating the synthetic procedures of (a) CuS|P using solid-state reaction 

method (route A) and (b) Cu3P|S using wet chemical method (route B). 

 

 

 

 

Figure 1. TEM images of (a) CuS, (b) CuS|P-1, (c) CuS|P-2, (d) CuS|P-3, (e) CuS|P-4, (f) Cu3P, 

(g) Cu3P|S-1, (h) Cu3P|S-2, (i) Cu3P|S-3, and (j) Cu3P|S-4. Insets are the corresponding HR-TEM 

images. 
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Figure 2. XRD patterns of (a) pristine CuS and CuS|P and (c) pristine Cu3P and Cu3P|S samples. 

(b) and (d) are the plots of unit cell volume against P or S atomic %, respectively. 
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Figure 3. XPS spectra of CuS and CuS|P-3 (top) and Cu3P and Cu3P|S-3 (bottom) nanoplates in 

(a,d) Cu 2p, (b,e) S 2p, and (c,f) P 2p regions. 
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Figure 4. Photocatalytic H2 generation rates of (a) CuS and CuS|P samples and (b) Cu3P and 

Cu3P|S samples. Long-term photocatalytic HER rates of (c) CuS|P-3 and (d) Cu3P|S-3. 
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Figure 5. Most stable atomic configurations of hydrogen adsorption on (a) CuS, CuS|P, and 

CuS|2P, and (b) Cu3P, Cu3P|S, and Cu3P|2S; Cu, P, S, and H atoms at the surface of CuS or Cu3P 

are represented by orange, pink, yellow, and cyan balls, respectively. Gibbs free energy (∆GH*) 

diagram for hydrogen adsorption on (c) CuS, CuS|P, and CuS|2P, and (d) Cu3P, Cu3P|S, and 

Cu3P|2S. 

 




