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ABSTRACT: The concept of core-shell nanostructured catalysts with a highly active 

yet insufficient stability in direct contact with electrolyte solution core and a chemically 

stable carbon shell has been proposed and turned out to be a new category of 

electrocatalysts for various electrochemical reactions. Such catalysts can take the 

mutual benefits of the core, i.e., high activity, and the shell, i.e., the high stability. 

However, the understanding about how the core affects the electrocatalytic performance 

of the shell is still not clear. In this study, we carried out a systematic study on hydrogen 

evolution reaction (HER) catalytic activities of different noble-metal phosphides-based 

core-shell nanostructured hybrids (noble-metal phosphides nanoparticles wrapped by 

ultrathin N, P-codoped graphitic carbon (NPGC) shells, MPx@NPGC, MPx=RhP2, 

RuP2, PtP2, IrP2 and Pd5P2) in both acidic and alkaline aqueous solutions for the first 

time. Among them, RhP2@NPGC core-shell nanostructure exhibited the highest HER 

activity in 0.5 M H2SO4, while the RuP2@NPGC composite was the best one in 1 M 

KOH. Taking microstructure into account, it is obvious that the catalytic behavior of 

the MPx@NPGC category was largely attributed to the different noble-metal phosphide 

cores. The ECSA normalized activity further revealed the RhP2@NPGC and 

RuP2@NPGC hybrids are the most active HER catalysts in acidic and alkaline 

electrolytes, respectively, along with fastest charge transfer and surface reaction rates 

during the HER process. This study provides useful guidelines in the further 

development of high-performance core-shell structured electrocatalysts for HER, and 

other electrochemical reactions such as oxygen evolution reaction and oxygen 

reduction reaction. 
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1. INTRODUCTION 

To relieve the burden on environmental deterioration and energy crisis from the 

extensive use of non-renewable fossil fuels, hydrogen, characterized by emission-free 

and carbon-zero nature and superior mass-specific energy density, has stood out from 

various energy alternatives and is believed to be the ideal renewable energy carrier for 

the future.1-5 Since there is no natural resource, hydrogen is usually produced through 

various chemical reactions, such as steam reforming of natural gas or coal, which will 

produce greenhouse gas during the synthesis. Water electrolysis using electrical power 

as generated from renewable energies, such as solar and wind, as the energy input, is 

one of the most attractive ways for mass production of hydrogen, because of its true 

zero-emission nature.6, 7  

Similar to many other electrochemical reactions, electrochemical hydrogen 

generation (hydrogen evolution reaction, HER) occurring at the cathode of a water 

splitting cell is subjected to kinetics barriers. To promote the HER process with reduced 

overpotential, an energetic electrocatalyst is thus required.8, 9 As the state-of-the-art 

HER electrocatalysts, Platinum (Pt)-group noble metals are characterized by high 

activity, but also show the disadvantages of scarcity, high price and insufficient 

durability.9-13 More recently, metal nitride/phosphide/sulfide have been extensively 

applied as the alternative HER electrocatalysts, showing outstanding activity.14-18 

Considering the similar electronic structure of the other noble metal elements to Pt, the 



formation of noble metal phosphides has also been extensively exploited to fine tune 

the electronic structure of the noble metal, so as to realize the HER activity similar or 

even outperforming that of Pt.19-23 For example, Ru2P and RuP nanostructures were 

found to show HER activity exceeding that of Pt catalyst under alkaline electrolyte. 

However, due to the hurdle reaction conditions for electrochemical water splitting 

process (either alkaline or acidic solution is applied as the electrolyte), the oxidation or 

dissolution/corrosion of such precious metals and metal nitride/phosphide/sulfide 

materials in/by the electrolyte solution is a big concern, which may cause significant 

performance decay with time on operation. For example, nanosized RuP was unstable 

with respect to ambient air and moisture, and it was oxidized by exposure to air with 

the formation of RuO2, which is easily dissolved by the liquid electrolyte, resulting in 

poor durability.23 In order to suppress the corrosion by the electrolyte, large size 

electrocatalysts have to be made. In addition, such metal phosphides are usually 

semiconductors with poor electric conductivity, requiring carbon additive to improve 

the charge transfer efficiency.  

As compared to the easy corrosion by the liquid electrolyte of oxides and 

sulfide/nitride/phosphides, many carbon materials show favorable corrosion resistance 

toward the electrolyte solutions. Unfortunately, most of pure carbon materials still show 

inferior activity to precious metal and metal nitride/phosphide/sulfides. The formation 

of core-shell nanostructured materials with a metal or metal-P, S, N core and carbon or 

doped carbon shell is a new way to develop alternative HER electrocatalysts.24-26 Two 

obvious beneficial effects can be derived from such unique nanostructured catalyst 



architecture. First, the apparent conductivity can be significantly improved due to the 

carbon coating, resulting in improved charge transfer process. Second, the carbon shell 

effectively avoids the direct contact of the metallic core with the liquid electrolyte; 

consequently, the dissolution problem of many metal or metal 

oxides/phosphides/nitrides/sulfides nanoparticles can be effectively suppressed or 

avoided. The metals or metal oxides/phosphides/nitrides/sulfides core can strongly 

interact with the carbon shell, which can cause a change of the electronic structure of 

the shell, consequently enhancing the activity of the carbon for HER. Recently we have 

demonstrated that Co1-xRuxP/nitrogen and phosphorus doped carbon (NPC) 

nanostructure showed comparable activity for HER to Pt/C precious metal catalyst in a 

wide pH value of liquid electrolyte.27 Such improved performance was also partially 

resulted from the reduced particle size of the Co1-xRuxP phase, while the NPC shell 

prevent the oxidation of the core, thus ensuring high stability. In that study, Ru was used 

to fine tune the electronic structure of the cobalt phosphide core as well.  

As we know, different noble metals have slightly different electronic structure. A 

systematic study of noble-metal phosphide/NPC composites for HER will provide 

useful information about how the noble metal affects the performance of metal/carbon 

composite, and thus provides guidance for the design of novel noble metal-based metal 

phosphide/carbon or noble metal-doped metal phosphide/carbon composite as efficient 

HER electrocatalysts. 

Herein, we reported the synthesis of various noble-metal phosphides (RhP2, RuP2, 



PtP2, IrP2 and Pd5P2) nanoparticles wrapped by ultrathin N, P-codoped graphitic carbon 

shells (MPx@NPGC, MPx=RhP2, RuP2, PtP2, IrP2 and Pd5P2) via a recent demonstrated 

synthetic process,35 and comprehensive investigation about the core effect of different 

noble-metal phosphides, primarily on the HER performance in both acidic and alkaline 

electrolytes, was conducted. Based on the physical characterization and 

electrochemical analysis, the catalytic properties of MPx@NPGC were found to be 

largely depended on the intrinsic activities of the noble-metal phosphides core. Among 

them, the RhP2@NPGC exhibited the highest HER activity with a small overpotential 

of 78 mV to motivate the hydrogen production at the current density of 10 mA cm-2 

(η10) and a low Tafel slope of 43 mV dec-1 in 0.5 M H2SO4 solution, while the highest-

performance catalysts among them in the 1 M KOH medium was RuP2@NPGC with 

η10 of 108 mV and a small Tafel slope of 30 mV dec-1. In addition, all samples possessed 

favorable long-term operation stability. Consequently, this study offers new insights to 

fabricate novel nanostructured electrocatalysts with enhanced performance. 

2. RESULTS AND DISCUSSION 

Figure 1 depicted the general synthesis procedure of the various MPx@NPGC 

core-shell structured hybrids, which involves two subsequent steps of homogeneous 

mixing and simple annealing treatment under argon gas flow with the experimental 

details given in the Experimental section. During the pyrolysis process, the 

carbonization and phosphidation of precursors occurred simultaneously with the 

formation of the targeted core-shell structured products.16 The room-temperature X-ray 

diffraction (XRD) patterns of the samples using different noble-metal chloride salts 



(RhCl3, RuCl3, H2PtCl6, IrCl3) as the raw materials, as shown in Figure 1, matched well 

correspondingly with the standard diffraction cards of crystalline phases of RhP2 

(JCPDS-65-1272), RuP2 (JCPDS-34-0333), PtP2 (JCPDS-80-2220) and IrP2 (JCPDS-

89-3985) (The detailed description for XRD patterns are shown in the Supporting 

Information). Thus, these samples are denoted as RhP2@NPGC, RuP2@NPGC, 

PtP2@NPGC and IrP2@NPGC, respectively. The similar molecular composition of the 

core, i.e., MP2, makes them reasonable comparison for the HER activity, which will be 

discussed later. The only exception is the palladium case. By using PdCl2 as the raw 

material, the as-formed MPx phase was found to be Pd5P2 (JCPDS-19-0887). Even with 

more phosphorus source involved, Pd5P2 phase structure remained unchanged (Figure 

S1), suggesting the preferentially stable existence of Pd5P2 among the various 

palladium phosphides (PdxPy). In addition to the metal phosphide phase, N, P co-doped 

carbon was also formed, which was confirmed by our previous study, 27 and will be 

discussed later. 

 



Figure 1. The general synthesis procedure of MPx@NPGC and corresponding XRD patterns. 

 

To understand the effect of different cores in the core-shell structures on the HER 

activity, the HER catalytic properties of all the as-synthesized MPx@NPGC samples 

were firstly comparatively evaluated in both 1 M KOH and 0.5 M H2SO4 electrolytes. 

As references, the HER activity of commercial Pt/C catalyst and the pristine N, P co-

doped graphitic carbon (NPGC) (synthesized without the application of precious metal 

chloride) was also measured under the similar conditions. Figure 2a & c displayed the 

typical IR-corrected polarization curves of all the investigated core-shell structured 

catalysts and the reference samples (Pt/C, NPGC), taken on the glassy carbon (GC) 

electrode. Among the various MPx@NPGC core-shell nanostructured hybrids, in the 

acidic medium (0.5 M H2SO4), the RhP2@NPGC hybrid afforded the highest HER 

activity with the smallest initial overpotential, followed by Pd5P2@NPGC, and then 

RuP2@NPGC and IrP2@NPGC, while the PtP2@NPGC sample showed the lowest 

activity. Specifically, the overpotentials required to reach the representative current 

density of 10 mA cm-2 (η10) are 78, 128, 158, 149, and 104 mV for the RhP2@NPGC, 

RuP2@NPGC, PtP2@NPGC, IrP2@NPGC, and Pd5P2@NPGC hybrids, respectively. 

Notably, although the RuP2@NPGC sample exhibited inferior HER performance than 

the Pd5P2@NPGC hybrid in terms of η10, the RuP2@NPGC outperformed 

Pd5P2@NPGC with the higher current densities when the overpotential is larger than 

149 mV, which reveal that RuP2@NPGC possessed the faster reaction kinetics at the 

high overpotential range. In comparison, the pure NPGC carbon material showed 

negligible HER activity. It suggests the metal phosphides core in the hybrids strongly 



affect the NPGC shell’s electronic structure, making the NPGC shell to demonstrate 

significantly improved HER activity as compare to the bare NPGC. It is highly 

attractive that the RhP2@NPGC among these five samples has closest HER activity to 

the benchmark Pt/C catalyst. As illustrated in Figure 2b, the Tafel plots of all the 

samples were constructed to disclose their catalytic kinetics, and the Tafel slopes of 43, 

44, 66, 62, 62, 139 and 27 mV dec-1 were derived for RhP2@NPGC, RuP2@NPGC, 

PtP2@NPGC, IrP2@NPGC, Pd5P2@NPGC, NPGC and Pt/C, respectively. Here, a 

lower Tafel slope obtained for the RhP2@NPGC hybrid than the other MPx@NPGC 

hybrid catalysts is an important indication of the faster catalytic rate of the former. 

When the alkaline electrolyte was used, a different HER-activity trend among the 

above-mentioned catalysts was observed. Among the various MPx@NPGC hybrids, 

RuP2@NPGC became the most active catalyst. The η10 increased in the order of Pt/C 

(25 mV) < RuP2@NPGC (108 mV) < RhP2@NPGC (170 mV) < PtP2@NPGC (214 

mV) < IrP2@NPGC (263 mV) < Pd5P2@NPGC (397 mV) < NPGC (538 mV). In 

addition, among the various hybrids, the RuP2@NPGC hybrid presented the lowest 

Tafel slope of 30 mV dec-1, which is even smaller than Pt/C (Figure 2d), revealing its 

superior HER kinetics. In addition to the HER activity, durability is another key 

indicator of an HER electrocatalyst targeting practical applications. Galvanostatic tests 

at the current density of 10 mA cm-2 were first performed to evaluate the stability. 

According to Figure 2e &f, the applied potential values for all the investigated 

MPx@NPGC hybrids displayed a little increase after 8 h of continuous hydrogen 

generation, specially under alkaline conditions, but still demonstrating their moderate 



operating stability. The carbon shell can effectively avoid the direct contact of metal 

phosphide with the liquid electrolyte that contributes to such operating stability of the 

hybrids. Besides, time-dependent current density curves of these MPx@NPGC hybrids 

in acidic condition were also observed (Figure S2), further confirming the moderate 

stability. 

 

Figure 2. (a, c) HER polarization curves and (b, d) the corresponding Tafel plots of these 

MPx@NPGC samples, NPGC and commercial 20 % Pt/C catalyst in 0.5 M H2SO4 (a, b) and 1 M 

KOH (c, d) electrolytes. (e, f) Galvanostatic tests at the current density of 10 mA cm-2 for five 



MPx@NPGC catalysts loaded on carbon cloth in both (e) acidic and (f) alkaline media. 

 

As it is well known, for the core-shell structured electrocatalysts, the activity is 

mainly contributed by the shell while the core inputs its effect by altering the electronic 

structure of the shell. To understand the origin of the different HER activity of the 

various MPx@NPGC hybrids, their morphology and microstructure were first 

examined. According to the field-emission scanning electron microscopy (FESEM) 

images as shown in Figure S3, all the samples had irregular particulate shape with 

different sizes. The IrP2@NPGC hybrid showed the smallest particle size, while the 

PtP2@NPGC hybrid presented the largest particle size. Closer observation was 

disclosed by the corresponding Transmission electron microscopy (TEM). As shown in 

Figure 3a-e, these metal phosphide nanoparticles with the diameters ranging from 5 to 

100 nm were uniformly encapsulated in ultrathin carbon layer. In high-resolution 

transmission electron microscopy (HR-TEM) images, well-resolved lattice spacings of 

0.209, 0.386, 0.201, 0.240, and 0.228 nm are observed, which are in well agreement 

with the distances of the RhP2 (102), RuP2 (110), PtP2 (220), IrP2 (-202), and Pd5P2 (-

113) facets, respectively. The homogeneous element distribution of metal (Rh, Ru, Pt, 

Ir, and Pd), and phosphorus were also observed within the selected matrix. According 

to the inductively coupled plasma atom emission spectrometry (ICP-AES) results, the 

metal content was found to be around 42.6, 58.1, 41.5, 62.6, and 56.5 wt. % for the 

RhP2@NPGC, RuP2@NPGC, PtP2@NPGC, IrP2@NPGC, and Pd5P2@NPGC hybrids, 

respectively. Besides, in order to reveal the morphology and phase structure of the 

samples after testing, the SEM image and XRD pattern of the post-HER RhP2@NPGC 



catalyst were shown in Figure S4, indicating that the micro-morphology and phase 

structure were well maintained. 

 

Figure 3. (a-e) TEM (i) and HR-TEM images (ii, iii), and the corresponding energy-dispersive X-

ray spectroscopy (EDS) elemental mappings (iv) of MPx@NPGC samples ((a) RhP2@NPGC, (b) 

RuP2@NPGC, (c) PtP2@NPGC, (d) IrP2@NPGC, and (e) Pd5P2@NPGC). 



 

X-ray photoelectron spectroscopy (XPS) analysis was performed to probe the 

chemical compositions and valence states of the various elements in all the 

MPx@NPGC hybrids. Shown in Figure S5 are the overview survey spectra, indicating 

the presence of metals (Rh, Ru, Pt, Ir, and Pd), P, N, and C. In the RhP2@NPGC hybrid, 

the high-resolution Rh 3d spectrum displayed the main peaks at 308.5 and 313.2 eV, 

which were attributed to Rh 3d5/2 and Rh 3d3/2, respectively (Figure 4a). They were 

well above the value for metallic Rh (~307.5 eV in the Rh 3d5/2 region) and slightly 

below that of Ru3+(~308.8 eV in the Rh 3d5/2 region), demonstrating that Rh atom in 

RhP2 was partially positive charged (Rhδ+).28 For the fitted P 2p region, there were four 

peaks at 129.5, 130.3, 132.2, and 133.9 eV, corresponding to the P 2p3/2, P 2p1/2, P-C 

bonds, and the phosphate species (P-O), respectively (Figure 4b).27 The lower binding 

energy of P 2p3/2 for phosphide relative to elemental P suggested the P in RhP2 holds 

a slightly negative charge (Pδ-). As depicted in Figure 4c, the high-resolution N 1s 

spectrum was fitted into four types of nitrogen environments located at 398.8, 401, 

401.9, and 404.1 eV, which agreed well with the pyridinic N, pyrrolic N, graphitic N, 

and oxygenated N, respectively.29 Similarly, M-P bonding or N species were also 

obtained in the other MPx@NPGC hybrids with the results presented in Figure S6 and 

S7. It suggests the N is mainly formed bond with carbon, and the P formed bonds with 

both the metal element and carbon. It further confirms the MPx structure of the core and 

N/P co-doped carbon structure of the shell. Besides, the XPS data for NPGC were also 

presented in Figure S8 and the observed N species or P species confirmed the 

successful doping of N and P, matching well with the XPS results in MPx@NPGC 



hybrids. 

To detect the properties of the carbon shell, Raman spectra results were presented 

in Figure 4d. Typically, D and G bands situated at about 1342 and 1685 cm-1 

represented the defects on the disordered carbon and the graphitic structure, 

respectively. The intensity ratios (ID/IG) for these five catalysts were all similar, within 

the range of 1.01-1.07, revealing the similar carbon structure with partial graphitization 

and abundant defects; hence, it was favorable to both electron conduction and H+/H2 

absorption.30, 31 The N2 adsorption-desorption isotherms in Figure S9 showed a type-II 

isotherm along with a H3-type hysteresis loop for all samples, suggesting the presence 

of mesopores. The specific surface areas of RhP2@NPGC, RuP2@NPGC, PtP2@NPGC, 

IrP2@NPGC and Pd5P2@NPGC, calculated based on the BET method from the N2 

adsorption-desorption isotherms, are 78.6, 29.6, 10.9, 85.1 and 24.5 m2 g-1, respectively. 

Meanwhile, the total pore volumes of RhP2@NPGC, RuP2@NPGC, PtP2@NPGC, 

IrP2@NPGC, and Pd5P2@NPGC are 0.29, 0.10, 0.05, 0.33 and 0.08 cm3 g-1, 

respectively. These values are listed in Table S1.  



 

Figure 4. (a-c) High-resolution XPS spectra of Rh 3p (a), P 2p (b), and N 1s (c) of the as-obtained 

RhP2@NPGC. (d) Raman spectra of MPx@NPGC samples. 

 

According to previous studies, the favorable microstructure features such as large 

BET specific area, small particle size, abundant pores, high graphitic carbon, and rich 

carbon defects, etc., are closely correlated with the excellent electrocatalytic 

performance.5, 6, 8, 12, 30, 21 Clearly, no direct relation between the activity and the 

microstructure properties for the current MPx@NPGC hybrids was demonstrated. For 

example, in 0.5 M H2SO4 and 1 M KOH electrolyte solutions, the RhP2@NPGC hybrid 

and the RuP2@NPGC hybrid showed the best performance, respectively, while both of 

them did not showed the highest surface area or the smallest particle size. It suggests 

the different HER performance of the various MPx@NPGC hybrid catalysts is more 

likely originated from their different metal phosphide cores.  



To exclude the morphology effect on the performance, the intrinsic activity of the 

different samples was exploited. We first determined the electrochemically active 

surface area (ECSA) to explore active sites, which is linearly related to the 

electrochemical double-layer capacitance (Cdl). To obtain Cdl values, the cyclic 

voltammograms (CVs) with different scan rates were tested, as displayed in Figure S10 

and Figure S11 for all the MPx@NPGC hybrids. Figure 5a&b presented the calculated 

Cdl values for these catalysts; when assuming 40 µF cm-2 as the specific capacitance, 

the specific ECSA results were obtained and listed in Table S2.32 In general, the larger 

ECSAs mean more catalytically active sites, so that to enhance the apparent catalytic 

activity.32 Yet, the obvious mismatch between ECSA results and the HER activities 

further confirmed that the metal phosphides core played an important role in 

determining the HER activity of the hybrid catalyst with similar carbon shell. By 

normalizing to ECSA values, the intrinsic activities for MPx@NPGC hybrids in both 

alkaline and acid media were derived. As shown in Figure 5c and d, in the acidic 

medium and at -0.1 V, the RhP2@NPGC hybrid showed a specific current density of 

0.21 mA cmECSA
-2, which is about 5.2-, 1.2-, 14-, and 1.6-fold that of the RuP2@NPGC 

(0.04 mA cm ECSA
-2), PtP2@NPGC (0.18 mA cm ECSA

-2), IrP2@NPGC (0.015 mA cm 

ECSA
-2), and Pd5P2@NPGC (0.13 mA cm ECSA

-2). In the alkaline medium, the specific 

current densities at -0.1 V were increased in the trend of Pd5P2@NPGC < IrP2@NPGC 

< RhP2@NPGC < PtP2@NPGC < RuP2@NPGC. To investigate the electrode kinetics 

during the HER process, we also carried out electrochemical impedance spectroscopy 

(EIS) measurements at the potential of -0.4 and -1.2 V vs. Ag/AgCl for a series of 



MPx@NPGC catalysts. As can be seen from Figure S12, RhP2@NPGC and 

RuP2@NPGC among these hybrids displayed the smallest charge transfer resistance 

(Rct) values in the EIS in 0.5 M H2SO4 and 1 M KOH, respectively, implying much 

faster charge transfer and surface reaction rates for the HER process, which could also 

contribute to the enhanced catalytic activities.32 

 

Figure 5. (a, b) The linear fitting plots of the capacitive currents versus scan rates from Figure S7 

and Figure S8 for MPx@NPGC samples in acidic (a) and alkaline (b) media, respectively. (c, d) 

HER polarization curves normalized by ECSA for MPx@NPGC samples in acidic (c) and alkaline 

(d) media, respectively.  

 

For HER, there are two possible mechanisms, i.e., Volmer-Heyrovsky and Volmer-

Tafel process, 33 as follows: 

In acidic electrolyte: 

Volmer step: ∗ +H+ + e− → H ∗                       (1) 



Heyrovsky step: H ∗ +H+ + e− →∗ +H2                (2) 

      Tafel step: 2H ∗→ 2 ∗ +H2                           (3) 

In alkaline electrolyte: 

Volmer step: ∗ +H2O + e
− → H ∗ +OH−               (4) 

Heyrovsky step: H ∗ +H2O + e− →∗ +H2 + OH−        (5) 

Tafel step: 2H ∗→ 2 ∗ +H2                           (6) 

Above reactions clearly show that the reaction intermediate of H* was involved 

during the HER process. The binding strength between a catalyst surface and the 

reaction intermediates are critical for the electrocatalysis of HER. For example, the 

Gibbs free energy of hydrogen adsorption (ΔGH*) is usually used as an activity 

descriptor for HER. The reaction intermediate binding strength for a good catalyst 

should not to be too strong or too weak, i.e., ΔGH* is close to 0.23 For carbon-based 

electrocatalysts, the adsorption of intermediates could be adjusted by heteroatom 

doping, defects/edge modification, and surface functionalization, etc.34 Clearly, the 

metal phosphide core also caused influence on the electronic structure of the carbon 

shell, thus altered its Gibbs free energy of hydrogen adsorption. As demonstrated by 

XPS, different metal phosphides showed different apparent oxidation states and 

electronic structure. Due to the strong coupling effect, some electrons belonging to 

metallic core were transferred to the outer carbon shell, thus significantly altering the 

electronic properties of the carbon shell, which has been confirmed by previous similar 



studies.12, 36 For the different metallic cores, the electron transfer numbers from 

encapsulated metals to carbon shell surface is largely different, but the specific values 

are difficult to be obtained, only by more advanced characterizations and possible DFT 

calculations.35, 37 In order to further confirm the strong coupling effect between the 

metal phosphides and carbon shell on the HER activity trend, some control experiments 

were conducted. As shown in Figure S13, the pure metal phosphides performed poor 

HER activity in both acidic and alkaline conditions, and the physical mixture of 

different metal phosphides and graphene showed the similar activity trend with that of 

pure metal phosphides, but which are superior to pure metal phosphides, indicating that 

the graphene might enhance the conductivity of mixture and thus help to improve their 

activity. Besides, MPx@NPGC are more active than the physical mixture for hydrogen 

generation, and the activity trend of MPx@NPGC is obviously different from pure 

metal phosphides or the physical mixture, convectively suggesting that the different 

HER activities for various MPx@NPGC were attributed to the strong coupling effect 

from core-shell structure. As well, based on the electrocatalysis results, the pH value of 

the electrolyte likely also introduced important effect on the adsorption energy of 

hydrogen over the carbon surface, thus different active trends of the various hybrids in 

acidic and alkaline electrolyte solutions were observed.  

3. CONCLUSIONS 

In summary, a comparative study of HER catalytic performance for the core-shell 

structured noble-metal phosphides-based electrocatalysts in both acidic and alkaline 

media was presented for the first time. The apparent HER activity for these 



MPx@NPGC samples increased in the order of PtP2@NPGC < IrP2@NPGC < 

RuP2@NPGC < Pd5P2@NPGC < RhP2@NPGC in 0.5 M H2SO4, and Pd5P2@NPGC < 

IrP2@NPGC < PtP2@NPGC < RhP2@NPGC < RuP2@NPGC in 1 M KOH. After being 

normalized by ECSA, the RhP2@NPGC and RuP2@NPGC still exhibited the most 

excellent HER activities in acidic and alkaline solutions, respectively. Combining with 

the various characterization analysis, the HER activities of MPx@NPGC were found to 

be closely associated with the noble-metal phosphide cores and the pH value of the 

electrolyte solution. It suggests the simultaneous modification of the functional core as 

well as the liquid electrolyte is recommended to optimize the core-shell structured 

electrocatalyst for HER. These findings then provide useful guidance for the future 

design of other core-shell structured electrocatalysts for HER, which should also be 

applicable for other electrochemical reaction such as oxygen evolution reaction and 

oxygen reduction reaction.   
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