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Review

Confinement Effects in Individual Carbon Encapsulated 
Nonprecious Metal-Based Electrocatalysts

Ling Shen, Jie Ying,* Kenneth I. Ozoemena, Christoph Janiak, and Xiao-Yu Yang*

The evolution of cost-effective and reserve-rich nonprecious metals (NPMs) 
to replace precious metal electrocatalysts is of significant interest in modern 
electrocatalysis. The confinement effects in NPM-based nanoparticles 
encapsulated in carbon nanoshells have been considered as an emerging and 
efficient way to special types of electrocatalysts which facilitate electrocatalytic 
activity and stability, even under rigorous conditions. This review focuses on 
the unique individual carbon encapsulation for high-performance design of 
NPM-based electrocatalysts, outlining all confinement synthesis methods, 
mechanistic studies on confinement effects, and the emerging practical 
reactions. It begins first introducing the synthetic methods for NPM-based 
core@carbon shell electrocatalysts, and then follows clarification of the 
relationship between the fundamental confinement effects and the performance 
improvement of carbon shell encapsulating NPM-based electrocatalysts. Further 
and detailed discussions on the alloying effect, doping effect, and heterojunction 
effect of the NPM-based core to alter the electronic situation which affects the 
electrocatalytic performance are subsequently provided. Finally, the review 
provides a perspective on challenges and opportunities in future research with 
respect to both in-depth theoretical research and potential design concept of 
such NPM-based core@carbon shell electrocatalysts.
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1. Introduction

The rising global energy demand and the 
quest to combat the disastrous environ-
mental impact of fossil-fuel burning have 
made electrochemical energy conversion, 
which can convert electricity from renew-
able sources into storable hydrogen and 
vice versa, of tremendous interest from 
scientific and industrial researchers.[1–3] At 
the same time, new electrocatalysts, that 
is, electrode materials are needed for nec-
essary improvements in rate, efficiency, 
and selectivity of the energy conver-
sion.[4–7] Practically, precious metal-based 
materials (e.g., Pt, Pd, Ru, Ir, Rh, their 
alloys and compounds) are convention-
ally state-of-the-art electrocatalysts with 
excellent electrocatalytic efficiency, and 
are frequently used in proton exchange 
membrane fuel cells or water splitting sys-
tems.[8–13] Nonetheless, high-cost, limited 
reserve, and relatively poor long-term sta-
bility are the major obstacles of precious 

metal-based catalysts for large-scale commercialization. For 
example, Pt is the most efficient catalyst for the cathodic oxygen 
reduction reaction (ORR) in proton exchange membrane fuel 
cells.[14–16] However, Pt-based electrocatalysts are responsible 
for more than 40% of the cost of fuel cells power system.[17–21] 
In consideration of practical application, such electrocatalysts 
must be cheap enough to produce and utilize. Therefore, the 
development of electrocatalysts that comprise only inexpen-
sive, nonprecious metal (NPM) is critical.[22–24] Today’s low-cost 
NPM-based electrocatalysts, however, are inadequate and many 
important problems should still be resolved for the promise of 
their practical application, such as fast kinetics, high stability, 
and durability.[25,26] The grand challenge is to develop advanced 
NPM-based electrocatalysts with the improved performance 
needed to enable extensive application of clean energy tech-
nologies. As a consequence, the development of NPM-based 
catalysts with high electrocatalytic activity has recently become 
a major focus of electrocatalysis research. There are many suc-
cessful examples on the performance enhancement, such as 
morphology controlling,[27,28] facet adjusting,[29,30] junction 
engineering,[31,32] and single-atom capturing.[33,34] To further 
improve the stability, durability, and utilization efficiency of 
metals, various types of nanoarchitectures and nanomaterials 
have been employed as catalyst supports.[35–38]

For practical application and structural stability, carbon 
materials are most widely used as electrocatalytic supports 
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for nanometal dispersions with a view to both interaction 
enhancement and cost reduction for a long time.[39–45] Acti-
vated carbons with high surface area have been first exploited 
as carbon supports for metal electrocatalysts in the middle 
1960s and since then served as support materials for precious 
metals, e.g., Pt/C commercial catalysts.[46] In the late 1990s, 
CNTs with remarkable electrochemical properties were devel-
oped as supports, and numerous dispersed metals exhibited 
largely enhanced electroactivities.[47,48] Since the early 2000s, 
the mesoporous carbons, carbon nanofibers, and graphene 
were subsequently developed for high-performance design of 
nanometallic electrocatalysts.[49–52] In the early 2010s, metal-
organic framework (MOF) derived porous carbons were uti-
lized to obtain highly stable metallic electrocatalysts.[53–55] For 
confined synthesis with carbon materials, that is inside their 
pore systems, it permits size control, facet adjustment, and 
morphology-controlled fabrication of nanometals. The beauty 
of such confined synthesis lies in the fact that strong enough 
interactions of nanometals with the porous support and sepa-
ration within the pore system can prevent nano-aggregation. 
Advantageous features of nanoarchitectures allow for high 
accessibility and corresponding confined catalysis by cre-
ating stable, finely dispersed nanometals with a high catalytic 
activity.[56,57] Three main carbon encapsulation technologies 
of nanounits (adsorption, covalent binding, and entrapment) 
have been recently used to enhance stability and reusability 
of the metastable nano/atomic sites for further applications. 
Note that they share a porous support with high surface area, 
tunable porosity, and good resistance to chemical attack. For 
electrocatalysis, the ions H+ and OH− in corresponding acidic 
and basic conditions penetrate almost all porous structures 
from macro-, meso-, to microporosity to the surface of the 
NPM-based electrocatalytic centers. This direct contact would, 
however, result in a greatly decreased activity and stability of 
NPM-based electrocatalytic centers.

In 2011, Science magazine reported a breakthrough on iron 
and cobalt electrocatalysts coated with a very thin carbon layer, 
which resulted in an excellent combination of high activity 
with remarkable stability and specific four-electron selectivity 
for ORR.[58] Soon afterwards, this elegant idea inspired an indi-
vidual encapsulation approach to fabricate a carbon nanoshell 
on numerous NPM-based cores with various metal elements 
(mainly including Mn, Fe, Co, Ni, Cu, Zn, Mo, W) and non-
metal elements (mainly including C, N, O, P, S, Se) as alloying 
or doping elements, which has been considered as an emerging 
and efficient way (so-called individual carbon encapsulation) to 
improve catalyst stability and functionality for enhanced adap-
tion in practical electrocatalysis applications, mainly including 
hydrogen evolution reaction (HER), ORR and oxygen evolu-
tion reaction (OER) (Figure  1 and Table  1).[59–69] The advanta-
geous features include that a carbon nanoshell can protect the 
NPM-based cores from the reaction with exterior H+ and OH−, 
and prevent the NPM-based cores from aggregation. Although 
NPM-based cores are introduced into the carbon shell which 
forms a physical separation from the electrolyte, these cores 
and the carbon shells can interact to effectively adjust the elec-
tronic situation of the carbon shell surface, which facilitates 
the catalytic reaction. This individual encapsulation within 
a nanoscale carbon shell is often considered as a complete 

confinement and the corresponding confinement invoked to 
facilitate the directed catalysis on the surface of the carbon shell 
via a synergistic effect of the core and the shell.[70,71]

Affected by the NPM-based core, the outside carbon shell 
is frequently considered as the main and the only active sites 
in this core–shell structural electrocatalysts. However, it exists 
some controversy whether the shell acts as the only catalytic 
sites, or both the core and the shell are the catalytic sites. There 
is no denying that a unique effect of nanoconfinement via indi-
vidual carbon encapsulation for electrocatalysts is the modula-
tion of the electronic structure of the outer carbon layer, which 
provides a combination of the protection and stable disper-
sion of NPM-based cores, acceleration of chemical reactions, 
enhancement or alteration of selectivity and resultant promo-
tion of electrochemical performance.[72,73]

The search for a replacement of precious-metal electrocata-
lysts made the NPM-based core@carbon shell electrocatalysts 
undergo a rapid development in the past 10 years (Figure 1B). 
The related NPM-based electrocatalysts with different cores 
such as various alloys, doping, and nanosized composition 
heterojunctions were also rapidly developed in electrocatalysis. 
Owing to the strong scientific interest and practical impor-
tance of this field, a series of recent reviews on NPM-based 
electrocatalysts have been published. Each of these reviews 
addresses mainly structural aspects and their corresponding 
properties and applications, including individual electrocata-
lytic reaction (HER, ORR, or OER) and structural design.[74–77] 
Note that the discussion of confinement effect in previous 
review mainly emphasized carbon shell (such as layer number 
and doping functionalization) and alloying core (binary-/ter-
nary-alloying and related metallic compounds). With further 
study of the mechanism of confinement effect, some impor-
tant viewpoints and corresponding questions need discussion 
and clarification, for example, difference of active sites in the 
cores and the shells and corresponding central role, and the 
role of carbon shell thickness and unusual enhancement of 
catalytic activity in the presence of relative thick carbon shell. 
Notably, these viewpoints and corresponding questions are 
not deeply discussed in previous reviews. With appearance of  
atom-level nanotechniques, precise doping and oriented hetero-
junction have been developed for adjusting metal-based core. 
Compared to the previous review, our review discusses doping 
effect and heterojunction effect of metal-based core, which are 
also rarely further discussed. In this regard, a review focuses 
on the unique individual carbon encapsulation for high- 
performance design of NPM-based electrocatalysts, outlining 
all confinement synthesis methods, mechanistic studies on 
confinement effects and the emerging practical reactions,  
therefore seems warranted. Our review thoroughly analyses in 
depth confinement effects in shell part (pure carbon, mono-
doping, multiple-doping, multiple layer) and core part (alloying 
effect, doping effect, and heterojunction effect), and their core–
shell interactions. Especially, we propose and try to clarify the 
viewpoints above-mentioned for these related electrocatalyst 
design.

This review is aimed at fully illuminating the recent 
research progress on the enhancement of the electrocata-
lytic activity and stability for carbon confined NPM-based 
core@shell electrocatalysts via the combination of theoretical 
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calculation and experimental results. It is organized by first 
introducing the synthetic methods for NPM-based core@
carbon shell electrocatalysts (Section  2). Then follows clarifi-
cation of the relationship between the fundamental confine-
ment effect and the performance improvement of carbon shell 
encapsulating NPM-based electrocatalysts (Section 3). On this 
basis, further and detailed discussions on the alloying effect 
(Section  4.1), doping effect (Section  4.2), and heterojunction 
effect (Section  4.3) of the NPM-based core to alter the elec-
tronic situation which affect the electrocatalytic performance 
have been provided (Figure  2). Finally, the review provides 
a perspective (Section  5) on challenges and opportunities 
in future research with respect to both in-depth theoretical 
research and potential design concept of such NPM-based 
core@carbon shell electrocatalysts.

2. Confinement Synthesis

The synthesis of individual carbon shell-confined NPM-based 
cores can be categorized into three basic methods: i) solid-
phase synthesis, ii) liquid-phase synthesis, and iii) gas-phase 
synthesis (Figure 3).

2.1. Solid-Phase Synthesis

The typical solid-phase reaction for the synthesis of NPM-
based core@carbon shell electrocatalysts is mostly conducted 
by external force for mixing (mainly including grinding or 
ball-milling) followed by pyrolysis. The benefits of this syn-
thesis route are low cost, and possible scale-up for production. 

Figure 1. A) The elements that are usually used in NPM-based core@carbon shell electrocatalysts in this review. B) Reaction equations of HER, ORR, 
and OER and the timeline of representative NPM-based core@carbon shell electrocatalysts (labeled as NPM-based core@C) in the last decade for 
HER, ORR, and OER, respectively. The corresponding reference of the electrocatalyst is marked in square brackets in the upper right corner.
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Table 1. Comparison of performance for various NPM-based core@carbon shell electrocatalysts with different categories.

Catalysts Electrolyte Catalytic activitya) Stability times (test condition)/cyclesb) Refs.

Single core@carbon shell for HER

Fe@carbon shell/SWCNTsc) 0.5 m H2SO4 η@10 = 77, TS = 40 18 h (−0.135 V)/1000 cycles [78]

Co@B,N-codoped carbon shell 0.5 m H2SO4 η@10 = 96, TS = 63.7 10 h (−0.2 V)/2000 cycles [79]

1.0 m KOH η@10 = 183, TS = 73.2 10 h (−0.25 V)/2000 cycles [79]

Co@Co,N-codoped carbon shell 0.1 m KOH η@10 = 314, TS = 59 20 000 s (−0.3 V)/2000 cycles [80]

Ni@graphene shell 1.0 m KOH η@10 = 240, TS = 120 10 h (−0.2 V) [64]

Single core@carbon shell for ORR

Co@S,N-codoped carbon shell 0.1 m HClO4 OP = 0.852, HP = 0.68 10 000 cycles [81]

Fe@N-doped carbon shell/C2Nd) 0.1 m KOH OP = 1.015, HP = 0.876 100 000 cycles [82]

Co@graphene shell/carbon black 0.1 m KOH HP = 0.8 5000 cycles [83]

Co@carbon shell/N-doped graphene nanoribbons 0.1 m KOH OP = 0.91, HP = 0.83 3000 cycles [84]

Co@N-doped carbon shell/NWCse) 0.1 m KOH OP = 0.939, HP = 0.83 250 min (0.75 V)/6000 cycles [85]

Co@N-doped carbon shell 0.1 m KOH OP = 0.98, HP = 0.84 100 000 s (0.6 V)/3000 cycles [86]

Co@N-doped carbon shell/N-doped carbon sheets 0.1 m KOH HP = 0.85 20 000 s (0.75 V) [87]

Co@S,N-codoped carbon shell 0.1 m KOH OP = 0.990, HP = 0.831 10 000 cycles [81]

Co@Co,N-codoped carbon shell 0.1 m KOH OP = 1.02, HP = 0.879 2000 cycles [80]

Cu@N-doped carbon shell 0.1 m KOH OP = 0.94, HP = 0.83 500 min (0.7 V)/3000 cycles [60]

Single core@carbon shell for OER

Co@N-doped carbon shell 0.1 m KOH η@10 = 390, TS = 110 10 h (10 mA cm−2) [86]

Co@carbon shell embedded in porous N-doped CNFsf) 1.0 m KOH η@10 = 285, TS = 73 12 h (1.54 V)/5000 cycles [88]

Ni@graphene shell 1.0 m KOH η@10 = 370, TS = 66 12 h (10 mA cm−2) [64]

Alloy core@carbon shell for HER

FeCo@N-doped graphene shell 0.5 m H2SO4 η@10 = 262, TS = 74 11 h (−0.3 V)/10 000 cycles [89]

FeP@N,P-codoped carbon shell 0.5 m H2SO4 η@10 = 130, TS = 67 20 h (−0.14 V)/5000 cycles [90]

CoNi@N-doped graphene shell 0.1 m H2SO4 η@10 = 224, TS = 104 24 h (20 mA cm−2)/1000 cycles [91]

Co2P@N,P-codoped graphene shell 0.5 m H2SO4 η@10 = 103, TS = 58 30 h (−0.100 V)/10 000 cycles [92]

CoS@graphene shell/N,S-codoped RGOg) 0.5 m H2SO4 η@10 = 74, TS = 56 10 h (−0.12 V)/500 cycles [65]

NiMo@N-doped graphene shell/3D N-doped graphene 0.5 m H2SO4 η@10 = 80, TS = 54 25 h (−0.2 V)/2000 cycles [93]

Ni2P@P-doped carbon shell/P-doped graphene 0.5 m H2SO4 η@10 = 110, TS = 58.6 25 h (10 mA cm−2)/5000 cycles [94]

Cu3P@N,P-codoped carbon shell 0.5 m H2SO4 η@10 = 89, TS = 76 3000 cycles [95]

Mo2C@N-doped carbon shell 0.5 m H2SO4 η@10 = 124, TS = 60 80 h (−0.07 V) [96]

Mo2C@N-doped graphene shell 0.5 m H2SO4 η@10 = 78, TS = 41 12 h (−0.078 V)/2000 cycles [97]

MoP@N-doped carbon shell 0.5 m H2SO4 η@10 = 115, TS = 65 100 h (−0.12 V)/10 000 cycles [98]

WP@N-doped carbon shell 0.5 m H2SO4 η@10 = 102, TS = 58 96 h (−0.08 V)/6000 cycles [99]

CoMoP@N-doped carbon shell 0.5 m H2SO4 η@10 = 41, TS = 49.73 24 h (−0.12 V)/10 000 cycles [100]

FeP@N,P-codoped carbon shell 1.0 m PBSh) η@10 = 386, TS = 136 10 h (−0.4 V) [90]

Mo2C@N-doped carbon shell 0.1 m PBS η@10 = 156 15 h (−0.096 V) [96]

MoP@N-doped carbon shell 1.0 m PBS η@10 = 136, TS = 71 20 h (−0.15 V) [98]

WP@N-doped carbon shell 1.0 m PBS η@10 = 196 20 h (−0.2 V) [99]

FeP@N,P-codoped carbon shell 1.0 m KOH η@10 = 214, TS = 82 10 h (−0.22 V) [90]

FeCoNi@N-doped graphene shell 1.0 m KOH η@10 = 325, TS = 60 10 000 cycles [101]

FeNi3N@N-doped carbon shell/N-doped graphene 1.0 m KOH η@10 = 94, TS = 90 10 h (−0.12 V)/2000 cycles [102]

CoS@graphene shell/N,S-codoped RGO 1.0 m KOH η@10 = 118, TS = 63 10 h (−0.17 V)/500 cycles [65]

CoMnO@N-doped carbon shell 1.0 m KOH η@20 = 71, TS = 152 32 h (−0.2 V) [68]

CoMoP@N-doped carbon shell 1.0 m KOH η@10 = 81, TS = 55.53 24 h (−0.12 V)/10 000 cycles [100]

Ni2P@P-doped carbon shell/P-doped graphene 1.0 m KOH η@10 = 150, TS = 79.4 25 h (10 mA cm−2)/5000 cycles [94]

Adv. Funct. Mater. 2022, 32, 2110851



www.afm-journal.dewww.advancedsciencenews.com

2110851 (5 of 24) © 2021 Wiley-VCH GmbH

Catalysts Electrolyte Catalytic activitya) Stability times (test condition)/cyclesb) Refs.

Mo2C@N-doped carbon shell 1.0 m KOH η@10 = 60 15 h (−0.063 V) [96]

MoP@N-doped carbon shell 1.0 m KOH η@10 = 80, TS = 59 20 h (−0.1 V) [98]

WP@N-doped carbon shell 1.0 m KOH η@10 = 150 20 h (−0.15 V) [99]

Alloy core@carbon shell for ORR

Fe2N@N-doped carbon shell 1.0 m HClO4 OP = 0.82, HP = 0.71 10.5 h (0.5 V) [103]

FeCo@carbon shell embedded in SWCNTs 0.1 m KOH HP = 0.796 7.5 h (0.796 V) [104]

FeCo@N-doped carbon shell/N-doped graphene 0.1 m KOH OP = 0.9, HP = 0.86 500 min (0.8 V)/20 000 cycles [105]

FeNi@N-doped carbon shell/N-doped graphene 0.1 m KOH OP = 1.06, HP = 0.86 10 h (0.8 V)/20 000 cycles [106]

FeNi3@N-doped graphene shell/3D N-doped graphene 0.1 m KOH OP = 0.93, HP = 0.80 20 000 s (0.8 V) [107]

Fe2N@N-doped carbon shell 0.1 m KOH OP = 1.02, HP = 0.93 9 h (0.5 V) [103]

Co3O4@N-doped RGO 0.1 m KOH HP = 0.83, TS = 42 25 000 s (0.7 V) [108]

Cu3P@N,P-codoped carbon shell 0.1 m KOH HP = 0.78 8 h (0.6 V)/3000 cycles [95]

Alloy core@carbon shell for OER

FeCo@carbon shell embedded in SWCNTs 1.0 m KOH η@10 = 253, TS = 44 50 h (1.527 V) [104]

FeCo@N-doped carbon shell/N-doped graphene 0.1 m KOH η@10 = 440, TS = 90 500 min (1.6 V) [105]

(Fe4Co1)P2O7@N-doped carbon shell 1.0 m KOH η@10 = 341, TS = 34.9 80 h (20 mA cm−2)/5000 cycles [109]

FeNi@N-doped carbon shell/N-doped graphene 0.1 m KOH η@10 = 325, TS = 60.6 10 h (1.55 V)/1000 cycles [106]

FeNi3@N-doped graphene shell/3D N-doped graphene 0.1 m KOH η@10 = 310, TS = 85.8 30 000 s (10 mA cm−2) [107]

1.0 m KOH η@10 = 239, TS = 44.8 36 000 s (10 mA cm−2) [107]

FeNi@N-doped graphene shell 1.0 m KOH η@10 = 280, TS = 70 24 h (10 mA cm−2)/1000 cycles [110]

FeNi@N-doped graphene shell 1.0 m NaOH η@10 = 280, TS = 70 10 000 cycles [111]

FeNi3N@N-doped carbon shell/N-doped graphene 1.0 m KOH η@10 = 270, TS = 54 10 h (1.51 V)/2000 cycles [102]

Co3O4@N-doped RGO 1.0 m KOH η@10 = 310, TS = 67 1500 cycles [108]

CoMnO@N-doped carbon shell 1.0 m KOH η@308 = 420, TS = 97 40 h (1.55 V) [68]

Doping core@carbon shell for HER

Ni-doped Mo2C@N-doped carbon shell 0.5 m H2SO4 η@10 = 72, TS = 65.6 24 h (−0.072 V)/2000 cycles [112]

O-doped MoP@RGO 0.5 m H2SO4 η@20 = 118, TS = 58 5000 cycles [62]

Ni-doped MoP@N-doped carbon shell 0.5 m H2SO4 η@10 = 102, TS = 58.1 10 mA cm−2@10 h [113]

1.0 m PBS η@10 = 222, TS = 160.4 10 mA cm−2@10 h [113]

N-doped Ni@N-doped carbon shell 1.0 m KOH η@10 = 61, TS = 71 12 h (20 mA cm−2) [114]

N-doped Ni@N-doped carbon shell 1.0 m KOH η@10 = 28, TS = 39 40 h (−0.025 V) [67]

1.0 m KOH seawater η@10 = 23, TS = 41 40 h (−0.025 V) [67]

Mo-doped Ni@N-doped carbon shell/SWCNTs 1.0 m KOH η@10 = 130, TS = 128 20 h (0.17 V)/5000 cycles [115]

O-doped MoP@RGO 1.0 m KOH η@20 = 93 5000 cycles [62]

Ni-doped MoP@N-doped carbon shell 1.0 m KOH η@10 = 162, TS = 102.6 10 mA cm−2@10 h [113]

Doping core@carbon shell for ORR

N-doped Cu@Fe,N-codoped carbon shell 0.5 m H2SO4 OP = 0.88, HP = 0.761 20 000 s [116]

P-doped Co@carbon shell/carbon black 0.1 m KOH HP = 0.8 5000 cycles [117]

Cu-doped Co@Cu,Co,N-multidoped carbon shell 0.1 m KOH OP = 0.98, HP = 0.88 55 h (0.75 V)/5000 cycles [118]

N-doped Cu@Fe,N-codoped carbon shell 0.1 m KOH OP = 1.01, HP = 0.892 20 000 s [116]

Doping core@carbon shell for OER

O-doped CoP@RGO 1.0 m KOH η@10 = 280, TS = 75 5000 cycles [62]

N-doped CoS2@N-doped graphene shell 1.0 m KOH η@10 = 205, TS = 65 9.5 h (10 mA cm−2)/1000 cycles [119]

Mo-doped Ni@N-doped carbon shell/SWCNTs 1.0 m KOH η@10 = 255, TS = 54 20 h (1.52 V)/5000 cycles [115]

Heterojunction core@carbon shell for HER

CoP/Co2P@N-doped carbon shell 0.5 m H2SO4 η@10 = 126, TS = 79 24 h (−0.2 V)/1000 cycles [120]

Table 1. Continued.
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A manual grinding-pyrolysis solid-phase synthesis method is 
used to prepare Cu-layer-decorated Co nanoparticles which are 
confined in a Cu–Nx and Co–Nx codoped graphene nanoshell 
(Figure 3A).[118] For this specific example, a stoichiometric ratio 
of metal precursors (Co(NO3)2·6H2O and Cu(NO3)2·3H2O) 

were mixed with dicyandiamide used as both carbon and 
nitrogen source by grinding. Then the paste-like precursor was 
annealed at 800 °C for 2.5 h in Ar atmosphere. Subsequently, 
acid leaching was conducted to remove excessive metallic debris 
in the product. The product was washed by water and ethanol, 
followed by a drying process. The size of Co nanoparticles partly 
decorated with Cu layer was between 20 and 50 nm, coated with 
a 0.5–2 nm thick carbon shell. In order to promote the uniform 
mixing of the raw materials, ball-milling can replace manual 
grinding. For example, after ball-milling, the mixture of C3N4, 
Fe(acac)3 and Co(acac)2 was pyrolyzed under N2 atmosphere at 
800 °C for 4 h in a tube furnace (Figure 3B).[105] The final black 
product was treated in acid solution, washed with water, and 
dried. In the product, many small black spheres with the size 
ranging from 5 to 20 nm consisted of the FeCo alloy nanopar-
ticle core and a few layers of the carbon shell.

Due to the feasibility and handleability of this solid-phase 
reaction strategy, many other NPM-based core@carbon shell 
electrocatalysts were also prepared to improve the electro-
catalytic performance.[96,112,125] Without doubt, the solid-phase 
reaction could easily be utilized for large-scale synthesis of 
NPM-based materials by adjusting the raw materials propor-
tion and equipment size. Recently, a series of NPM phosphides 
encapsulated in an N-doped carbon shell (NC) were reported by 
Pu et al. via the solid-phase reaction and post-thermal decom-
position, such as WP@NC, MoP @NC, Co2P@NC, CoP@NC, 
Ni2P@NC, Ni12P5@NC, Fe2P@NC, and FeP@NC.[98,99,127] It 
has to be pointed out that the size uniformity of the NPM-based 
core and the thickness uniformity of the carbon shell were 
more difficult to control.

Catalysts Electrolyte Catalytic activitya) Stability times (test condition)/cyclesb) Refs.

Ni/Ni2P@carbon shell 0.5 m H2SO4 η@10 = 149, TS = 61.2 8 h (−0.15 V)/1000 cycles [121]

MoP/Mo2C@N-doped carbon shell 0.5 m H2SO4 η@10 = 89, TS = 45 14 h (−0.075 V)/1000 cycles [122]

CoP/Co2P@N-doped carbon shell 1.0 m PBS η@10 = 459 20 h (−0.5 V) [120]

MoP/Mo2C@N-doped carbon shell 1.0 m PBS η@10 = 136, TS = 93 14 h (−0.13 V)/1000 cycles [122]

Co/Co3ZnC@carbon shell embedded in NCCPi) 1.0 m KOH η@10 = 188, TS = 108 10 h (−0.2 V)/1000 cycles [123]

CoP/Co2P@N-doped carbon shell 1.0 m KOH η@10 = 198, TS = 82 24 h (−0.3 V)/1000 cycles [120]

CoP/Co2P@P-doped carbon shell/P-doped graphene 1.0 m KOH η@10 = 39, TS = 59 5000 cycles [124]

MoP/Mo2C@N-doped carbon shell 1.0 m KOH η@10 = 75, TS = 58 14 h (−0.060 V)/1000 cycles [122]

Heterojunction core@carbon shell for ORR

Fe/Fe5C2@graphene/N-doped graphene nanosheets 0.1 m KOH OP = 0.98, HP = 0.86 15 h (0.6 V) [125]

Co/Co3ZnC@N-doped graphene shell 0.1 m KOH OP = 0.912, HP = 0.725 40 000 s (0.45 V)/5000 cycles [69]

Co2P/CoxN@N-doped carbon shell/N-doped graphene 0.1 m KOH OP = 0.93, TS = 56 2000 cycles [126]

Heterojunction core@carbon shell for OER

Co/Co3ZnC@N-doped graphene shell 1.0 m KOH η@10 = 366, TS = 81 5000 cycles [69]

Co/Co3ZnC@carbon shell embedded in NCCP 1.0 m KOH η@10 = 295, TS = 70 10 h (1.53 V)/1000 cycles [123]

CoP/Co2P@P-doped carbon shell/P-doped graphene 1.0 m KOH η@20 = 272, TS = 66 5000 cycles [124]

a)In the column of catalytic activity: η@j = overpotential (mV) at a given current density (mA cm−2), TS = Tafel slope (mV dec−1), OP = onset potential (V), HP = half-wave 
potential (V); b)Times (test condition)/cycles: The current density can be kept stable for a period of time under the given test conditions/the LSV curves can be almost 
unchanged or slightly become inferior after a given number of CV cycles; c)SWCNTs: single-walled carbon nanotube; d)C2N: nitrogenated holey 2D network; e)NWCs: 
N-doped wrinkled carbon nanosheets; f)CNFs: carbon nanofibers; g)RGO: reduced graphene oxide; h)PBS: phosphate buffer solution (pH = 7); i)NCCP: N-doped carbon 
nanotube-grafted carbon polyhedral.

Table 1. Continued.

Figure 2. Scheme showing the four effects in NPM-based core@carbon 
shell electrocatalysts.
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2.2. Liquid-Phase Synthesis

To achieve a better homogeneity or coordination of the precur-
sors, a liquid-phase reaction has widely been used. One uni-
versal way for a liquid-phase reaction is to mix solvent, metal 
sources, carbon sources, and/or doping chemicals together, and 
to prepare homogeneous solid precursors by stirring, drying, 
evaporating, freeze-drying, and so on. Finally, the precursors 

can be treated by pyrolysis under protective/reductive gas. 
Khani  et  al. described that various stoichiometric ratios of 
metal salts were mixed in water with citric acid under stirring 
at 120 °C until forming a gel followed by drying at 120 °C over-
night.[128] Then, the dried precursors were ground and heated 
in a tube furnace at 800 °C for 6 h under Ar gas. The final 
products revealed a graphitic-shell encapsulated metal structure 
involving Fe, Co, Ni, FeCo, FeNi, CoNi, or FeCoNi. In addition, 

Figure 3. Schematic illustration of the different synthetic methods for NPM-based core@carbon shell electrocatalysts (label as NPM-based core@C): 
A,B) solid-phase synthesis, C,D) liquid-phase synthesis, E,F) gas-phase synthesis. A) Reproduced with permission.[118] Copyright 2021, Wiley-VCH. B) 
Reproduced with permission.[105] Copyright 2017, Springer Nature. C) Reproduced with permission.[116] Copyright 2018, Wiley-VCH. D) Reproduced 
with permission.[94] Copyright 2018, Royal Society of Chemistry. E) Reproduced with permission.[104] Copyright 2020, Royal Society of Chemistry. F) 
Reproduced with permission.[111] Copyright 2016, Royal Society of Chemistry.
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graphene oxide (GO) sheets, surfactants (polyvinylpyrrolidone, 
P123, Brij 58) and templates (mesoporous silica (SBA-15), poly-
styrene particles, SiO2@resorcinol-formaldehyde spheres) were 
selectively added into the liquid-phase synthesis process to get 
the desired structures.[81,85,89,110,124,129,130] Recently, MOF-derived 
materials received high attention.[131,132] MOFs feature high spe-
cific surface areas, abundant pores, controlled sizes, and diverse 
combinations of metal ions and ligands. Using MOFs or the 
subgroup of zeolitic imidazolate frameworks (ZIFs) as precur-
sors different carbon-shell encapsulated NPM-based electrocata-
lysts were obtained by pyrolysis.[121,133] For instance, Wang et al. 
reported a Fe,Cu-codoped ZIF-8-derived carbon framework 
with Cu nanoparticles encapsulated in a graphitic carbon shell 
by liquid-phase synthesis (Figure 3C).[116] Briefly, Fe,Cu-codoped 
ZIF-8 was first prepared by ultrasound from the methanol solu-
tion containing Zn(NO3)2·6H2O, Fe(NO3)3·9H2O and cleaned 
copper foil for 1 h. Subsequently, the final product was obtained 
by pyrolyzing the as-prepared ZIF precursor at 900 °C for 3 h 
under Ar atmosphere. Notably, biomass containing abundant 
heteroatoms were often converted into functionalized carbon 
materials.[134,135] In consideration of promoting the synthesis 
with environmentally friendly, nontoxic, and economical fea-
tures, the biomass worked as carbon or doping sources in the 
liquid-phase reaction to get pyrolytic precursors.[90,136]

Hydrothermal or solvothermal reaction involves heating the 
system to a temperature near or above the boiling point of the 
solvent in a sealed container (e.g., autoclave) to form an autog-
enous pressure environment in the container to obtain the 
required materials. Hydrothermal or solvothermal conditions 
offer higher diffusivity, lower viscosity, better mass transport, 
and higher solubility of starting materials, and thus enhance 
the reaction kinetics. Moreover, introducing additives (e.g., sur-
factants, dopants) synchronously facilitates the size and mor-
phology control, and also doping modifications without other 
pretreatment or posttreatment. Miao et al. reported Ni2P nano-
particles (≈20 nm) encapsulated in two to five layers of a P-doped 
carbon shell anchored on a graphene network (Figure  3D).[94] 
In a typical experiment, NiCl2·6H2O, NaH2PO2·H2O, and GO 
solution were homogeneously dispersed in a mixed solution of 
water and N,N-dimethylformamide. Then, the autoclave con-
taining the above mixture was maintained at 160 °C for 16 h. 
Finally, the dried black precipitate was annealed under a mixed 
Ar/H2 atmosphere at 500 °C for 4 h. Likewise, Deng et al. syn-
thesized graphene shell encapsulated CoNi alloy nanoparticles 
by solvothermal method.[91] Originally, an aqueous solution of 
Co(NO3)2, Ni(NO3)2 and tetrasodium ethylenediaminetetraac-
etate (Na4EDTA) mixed in methanol was heated at 200 °C for 
24 h to gain the EDTA–CoNi. Subsequently, EDTA–CoNi was 
annealed at 475 °C in Ar atmosphere. The C and N atoms in 
EDTA4− which was coordinated to the metal ions, the gener-
ated CNx species transferred into graphene shells around CoNi 
nanoparticles during the thermal decomposition process. The 
final graphene shells consisted of no more than three layers 
and the size of the nanoparticles was 4–7  nm. The high tem-
perature and pressure environment during the hydrothermal or 
solvothermal reaction cannot only improve the solubility of the 
reactants, but also improves the reactivity of the reactants. So, it 
facilitated the formation of more uniform NPM-based cores in 
most works.[100,137,138]

2.3. Gas-Phase Synthesis

Apart from the aforementioned methods, chemical vapor deposi-
tion (CVD), as a versatile and popular gas-phase synthesis tech-
nique for nanomaterials, is used as well. Conventional CVD uses 
chemical reactions from gaseous reactants within an activated 
environment, to deposit a solid product. Although CVD is a com-
plex chemical system, it has been a popular synthetic technique 
on the basis of some advantages, such as good reproducibility, 
controllability, and flexibility of the reactants and reaction pro-
cess, good coverage of the shell and thin films or shells on dif-
ferent shapes.[139–141] In this respect, FeCo alloy nanoparticles@
single-layer carbon shell, loaded on single-walled CNTs, were 
reported by Xie et al. via an aerosol-assisted floating catalyst CVD 
(Figure 3E).[104] A mist of ferrocene, cobaltocene, and thiophene 
was introduced into the equipment with H2 gas and Ar gas. 
After heating to 800 °C, CH4 gas was introduced and reacted for  
0.5 h. Later, the temperature was raised to 1150 °C to obtain FeCo 
nanoparticles. Finally, the product was separated through a stain-
less steel mesh located at the cool zone. Moreover, hot filament 
CVD (HF-CVD) was also used to prepare NPM-based core@
carbon shell electrocatalysts. For example, Fan  et  al. utilized 
HF-CVD to get Fe3C, Co3C, and Ni3C nanoparticles encased in 
a carbon shell decorated on vertically aligned graphene nanor-
ibbons (VA-GNRs).[142] In general, VA-GNRs were first obtained 
from vertically aligned CNTs by HF-CVD. Subsequently, a layer 
of metal deposited on the tips of the prepared VA-GNRs under-
went the same HF-CVD at 675 °C in the CVD furnace chamber. 
Finally, M3C-GNRs (M: Fe, Co, Ni) products were peeled off from 
the Si substrate. The size of most M3C nanoparticles was less 
than 20 nm. The novel structure exposed more active sites and 
was beneficial to the diffusion of the electrolyte.

Furthermore, Bao  et  al. synthesized a series of ultrathin 
carbon-shell encapsulating NPM nanoparticle (Fe, Co, Ni or 
their bimetallic alloy) catalysts by a template-assisted CVD 
method, with for example SBA-15 as a template during CVD 
(Figure  3F).[111,143] In general, the metal salt solution was filled 
into the SBA-15 template by wet impregnation. Then, the mix-
tures were treated by CVD at 700 °C under 50% H2/Ar, followed 
by introducing CH3CN as C and N source with Ar carrier gas 
into the CVD furnace. Finally, SBA-15 was removed by aqueous 
HF solution to obtain uniform nanoparticles with an average 
diameter of 6–10 nm confined in a single graphene layer. It was 
attributed to SBA-15 with its channel structure, that the ultrafine 
metal nanoparticles and ultrathin carbon shells were almost 
synchronously obtained in the channels. CVD could control the 
crystal structure, surface morphology, and the graphitization 
degree of carbon components in the products. Especially, in the 
synthesis of a core–shell structure, the uniformity of nanoparti-
cles, the thickness of the shell can be well controlled to reach the 
ideal target by adjusting the parameters and the feeding.[115,144,145] 
CVD remains one of the reproducible and fast synthetic tech-
niques to get NPM-based core@carbon shell electrocatalysts.

3. Confinement Effects of Carbon Shells

Inspired from living systems, the study of confinement 
effects is meaningful for catalysis. In order to have a holistic 
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understanding of confinement effects, physical and chemical 
properties of the core–shell structure should be considered in 
parallel.[73,146–149] Through the aforementioned confinement 
synthesis, the shape of the NPM-based core is often distinctly 
affected within the carbon shell by the restricted inner nano-
space. This physical separation could strongly stabilize the 
NPM-based core. For instance, Wang  et  al. prepared a core–
shell material consisting of a graphene shell with the thick-
ness of 1–2  nm encapsulating Cu nanoparticles by CVD.[150] 
The Cu nanoparticles core demonstrated excellent stability that 
it started to be oxidized at high temperature of about 165 °C 
and remained unchanged upon exposure to air atmosphere 
for 60 d at room temperature. Furthermore, the carbon shell 
can efficiently protect and inhibit the oxidation or leaching 
of unstable NPM-based cores in harsh conditions.[100,151,152] 
Then, how to make the NPM-based core@carbon shell mate-
rials maintain catalytic activity is the most important point. 
Although the carbon shell should prevent direct contact of 
the metal-based core with the external environment, electrons 
can still be transferred from the inner NPM-based core to the 
ultrathin carbon shell. So as to realize the adjustment of the 
electronic state of the carbon shell.[153–157] The electronic inter-
actions between the inner NPM-based core and the carbon shell 
as well as the induced charge redistribution activate the core–
shell materials with catalytic activity. For example, when a Co 
core is confined in the carbon shell, theoretical studies pointed 
to about 0.7 electrons which are transferred from the Co core to 
the nearby carbon shell, resulting in decreasing the local work 
function and adjusting the electronic density of states (DOS) 
of the carbon shell, which further led to significantly enhanced 
electrocatalytic activity.[158] Moreover, introducing heteroatom 
doping into the carbon shell and regulating the thickness of 
carbon shell are two effective ways to improve the catalytic per-
formance of NPM-based core@carbon shell electrocatalysts via 
electron interaction. Hence, the relationship between the fun-
damental confinement effect and the enhanced performance 
of NPM-based core@carbon shell electrocatalysts should be 
elaborated. In this section, the component of carbon shell will 
be the main focus of attention. Unary NPM@carbon shell elec-
trocatalysts were taken as examples to fully illustrate the con-
finement effect and corresponding synergy effects for better 
understanding the advantages and features of these confined 
electrocatalysts with superior activity and stability compared to 
NPM-based electrocatalysts without carbon shell confinement.

A typical confinement structure is composed of a unary 
NPM core and a pure carbon shell (Figure 4A). Sharma et  al. 
reported one or two graphene layer-encapsulated Co nanopar-
ticles adhered to carbon black (Co@G/C).[83] Due to the con-
fining graphene shell, the Co nanoparticles had an average 
diameter of 4.1 nm and were well isolated from other nanopar-
ticles to prevent the Co nanoparticles from sintering during the 
pyrolysis. The X-ray absorption near-edge structure (XANES) 
and extended X-ray absorption fine structure (EXAFS) spectra 
clearly indicated that Co@G/C had only metallic Co nanopar-
ticles without Co oxides (Figure  4B). Due to the nanostruc-
ture, Co@G/C had a comparable half-wave potential (HP) at 
0.80  V (Note: all potentials in this review are versus a revers-
ible hydrogen electrode, unless otherwise specified.) to that of 
commercial Pt/C catalyst in 0.1 m KOH. Co@G/C also showed 

a higher durability than the commercial Pt/C catalyst after 5000 
cycles of the accelerated durability test. The shell prevented 
the Co core from corroding and migrating in strong alkaline 
solution, while commercial Pt/C catalyst showed an obvious 
agglomeration after the accelerated durability test. Subse-
quently, theoretical calculations were used to study the mech-
anisms of the Co@G/C for ORR. Previous study had already 
shown that the interaction between the inner NPM core and 
the carbon shell could not only modify the DOS around the 
Fermi level, but also promote the charge transfer from the 
NPM core to the carbon shell.[160] Therefore, the work func-
tion value of Co@graphene shell (Co@G) is 3.18 eV, which is 
lower than that of freestanding graphene (4.46 eV) (Figure 4C). 
A reduced work function of Co@G makes it easier to donate 
electrons from its surface to the adsorbed O2 because of a lower 
energetic barrier. Compared to freestanding graphene, Co@G 
had a stronger interaction between the carbon shell surface and 
the O2, resulting in better ORR performance. The theoretical 
calculations portended that the carbon shell with reduced work 
function may be the active site. Whereas, experimental verifi-
cation was also necessary. Since CN− anions strongly interact 
with metal surfaces rather than the carbon surfaces (including 
N-doped or pristine carbon structures) in alkaline solution, 
the CN− poisoning test was used to further evaluate whether 
Co core or carbon shell acts as the catalyst. The almost fully 
recovered ORR activity of Co@G/C seemed to prove that the 
carbon shells are the main active sites in the electrocatalytic 
reaction. In contrast, commercial Pt/C lost its activity after CN− 
poisoning and hardly recovered after cleaning by water. Mean-
while, a CO stripping test indicated that a small number of the 
Co atoms in the Co core were exposed on the carbon shell, due 
to the voids in the carbon-ring structure of the carbon shell. 
The slight decrease of the recovered activity of Co@G/C was 
attributed to the formation of K+(H2O)x–CN clusters on the 
exposed Co sites, which blocked the nearby active carbon sites. 
It seems that both the Co core and the carbon shell worked as 
the catalytic sites. Furthermore, Co atoms with different expo-
sure ratios in Co@G/C were obtained by adjusting the pyrolysis 
temperature. The higher the pyrolysis temperature, the smaller 
the number of the exposed Co atoms, because the carbon shell 
became denser and higher crystallinity. Interestingly, the ORR 
activities of the Co@G/C with different exposed Co atoms were 
almost the same before CN− poisoning. In consequence, these 
results confirmed that the carbon shell covering the Co core 
worked as the main and only active site.

However, Ai  et  al. presented a different viewpoint, namely 
that the NPM core may act as the main active sites, by studying 
a Ni@carbon shell electrocatalyst.[64] The pure carbon shell 
without the Ni core showed an overpotential of 900 mV (Note: all 
overpotentials in this review are obtained at a current density of 
10 mA cm−2, unless otherwise specified.), which was a very poor 
HER activity. After introducing the Ni core, the overpotential 
decreased to 240 mV. Further SCN− poisoning tests showed an 
obvious increase of the overpotential by around 150 mV after the 
electrocatalyst was treated by SCN−, which was also better than 
the pure carbon shell. The reason for this result is that SCN− 
poisoned some metal sites. Meanwhile, with the pyrolysis tem-
perature increasing from 600 °C to 800 °C, the catalytic activity 
obviously decreased. Hence, the researchers suggested that the 
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Ni cores acted as the active sites. Nevertheless, if the Ni core was 
the only catalytic site, the catalytic activity of the Ni@carbon shell 
after SCN− poisoning (≈390 mV) should be almost the same as 
the pure carbon shell without the Ni core (≈900  mV). But the 
result was not the case. Judging from a large number of related 
published papers, introducing Ni core indeed activated the 
carbon shell, so both the Ni core and the carbon shell may act as 
the catalytic sites. Moreover, Yang et al. also thought the carbon 
shell was the minor active phase while the NPM-based core is 
the main active component by comparing the catalytic activity of 
the pure carbon shell and the NPM-based core@carbon shell.[124] 
Therefore, the catalytic active sites were both the core and the 
shell. Taking into account the differences of different catalysts 
and catalytic reactions, the evaluation of catalytic active sites 
in NPM-based core@carbon shell electrocatalysts is worthy of 
in-depth study in the future.

To further tune the electronic properties and catalytic perfor-
mance in core–shell electrocatalysts, heteroatom doping with 
nonmetallic elements in the carbon shell has been proven to 
be an effective strategy (Figure 4D). On the basis of molecular 
orbital theory, different electronegativities of diverse doping 
atoms would tailor the electronic structure of nearby C atoms 
at different levels, which lead to different adsorption energies 
of intermediates.[89] Furthermore, doping in general can even 
turn inert or inferior materials into active catalysts by activating 
more efficient active sites near the doping atoms to endow the 
materials with more novel catalytic functions.[159] Nitrogen, as 
an n-type carbon dopant, could further modulate the electron 
distribution relative to the pure carbon shell. Nitrogen is also 
the most commonly used dopant to form disordered carbon 
nanostructures, create more active sites for electrocatalysis and 
promote the transfer of electrons to the nearby C atoms.[160–162] 

Figure 4. A) Schematic illustration of unary NPM confined in pure carbon shell. B) XANES spectra of Co@G/C_600 (G is graphene, C is carbon block 
and 600 is calcination temperature), Co@G/C_ASP (ASP is as-prepared precursor), and Co foil. Inset is the EXAFS spectra. C) The work function of 
Co@G and free-standing graphene. Inset is the top view of the Co@G system. Purple and small brown spheres represent Co and C, respectively. Red 
dots indicate probable adsorption sites of O at the Co@G system. D) Schematic illustration of unary NPM confined in monoelement-doped carbon 
shell. E) XANES spectra of Co@NC, commercial cobalt(II) tetraphenylporphyrin (Co-TPP) and Co foil. Inset is the EXAFS spectra. F) Free energy 
(ΔG) for the protonation of O2 of Co@NG and NG (NG: N-doped graphene). Inset is the side view of the difference charge density plot of NG sup-
ported on a Co substrate. The gray, dark blue, and light blue balls represent C, N, and Co atoms, respectively. G) Schematic illustration of unary NPM 
confined in two-element-doped carbon shell. H) C 1s XPS spectra of Co@BCN. Inset is the full XPS spectrum of Co@BCN. I) the free energy for H 
adsorption (ΔG(H*)) of the HER on Co@BCN, Co@CN, Co@C, and C, respectively. Inset is the 3D charge density difference for Co@BCN. Yellow 
and blue isosurfaces represent charge accumulation and depletion, respectively. B,C) Reproduced with permission.[83] Copyright 2019, Royal Society 
of Chemistry. E,F) Reproduced with permission.[87] Copyright 2017, American Chemical Society. H,I) Reproduced with permission.[79] Copyright 2015, 
American Chemical Society.
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For example, Zhang  et  al. successfully synthesized Co nano-
particles encased in an N-doped carbon shell (Co@NC) via a 
N-heterocyclic carbene (NHC)–Co precursor without Co–N 
coordination, which ensured that nitrogen only doped into 
carbon shell (Figure  4E).[87] Taking the Co (111) surface cov-
ered by a layer of N-doped graphene (Co@NG) as a simplified 
model, the calculated DOS at the Fermi level of N-doped gra-
phene was increased after doping N atoms into the pristine gra-
phene. Meanwhile, the calculated DOS reflected a strong cou-
pling between the d orbitals of the Co atoms and the p orbitals 
of the C and N atoms in Co@NG. Bader charge analysis indi-
cated that about 3 electrons are transferred from Co to the 
N-doped carbon shell, which also enhanced the Fermi energy 
level of N-doped graphene. The charge on NG is redistributed 
after encapsulating Co (inset in Figure 4F). Hence, the shift of 
the work function and the charge transfer were beneficial to 
improving the electrocatalytic performance. N-doping into the 
carbon layer can reduce the dissociative adsorption energies of 
O2 on the carbon layer compared to the undoped one, which 
had a positive effect for ORR.[161] To further understand the 
possible effects of the Co substrate under N-doped graphene  
on the four-electron ORR process, the free energy was calculated 
in every elementary step of the ORR reaction. Moreover, the  
ΔG evaluated by density functional theory (DFT) calculations 
for the protonation of O2 (the rate-determining step in the 
ORR process) with Co@NG was 0.154  eV, much lower than 
that of pristine NG (1.91 eV), manifesting that Co core confined  
in N-doped carbon shell could lead to a better ORR activity 
(Figure 4F). In 0.1 m KOH, Co@NC had a somewhat more pos-
itive HP of ≈0.85 V than that of the commercial Pt/C (0.84 V). 
Furthermore, Co@NC retained about 95% of the initial current 
density after 20 000 s at 0.75 V, whereas the commercial Pt/C 
only maintained about 60%. Therefore, both DFT calculations 
and experimental results suggested that Co@NC should have 
enhanced ORR activity and stability. However, there is a uni-
versal problem that N doping usually results in several coex-
isting N-atom types, including graphitic N, pyridinic N, pyr-
rolic N, and quaternary N. Different types of N in the carbon 
shell may play a different role in adjusting the electrocatalytic 
performance. There is a lack to precisely control the types and 
percentage of N doping.[89,107] In addition, the work function is 
not the only factor that can impact on the ORR, the percentage 
of effective adsorbing oxygen sites need to be considered. 
Although Co@G and N-doped graphene have almost the same 
calculated work function, Co@G had much more active sites 
(86%) for adsorbing oxygen than N-doped graphene (7%) which 
led to a better ORR performance.[83]

Furthermore, two nonmetallic element-doping with oppo-
site electronegativity to that of carbon, could activate adjacent 
C atoms by a coupling effect and, thereby, enhance catalytic 
activity (Figure  4G).[163,164] For example, Zhang  et  al. prepared 
a B,N-codoped ultrathin carbon shell encapsulated Co nanopar-
ticles (Co@BCN) (Figure 4H).[79] Co@BCN showed the lowest 
overpotential in HER compared to Co@CN, Co@C, and com-
mercial Co/C in both acidic and alkaline solution. Moreover, 
Co@BCN had a stable electrocatalytic activity after 2000 cyclic 
voltammetry (CV) cycles and generally maintained its initial 
current density over 10 h. Combining with DFT calculations, 
the free energy for H adsorption (ΔG(H*)) on the pure carbon 

shell was 1.31  eV, which was too weak. The adsorption of the 
H atom on pure carbon shell was thermodynamically unstable.  
When introducing the Co core into the carbon shell, the 
charge transfer from the core to the carbon shell modified  
the electronic structure near the Fermi level of carbon shell. 
The enriched charge density of carbon shell would effectively 
stabilize the H* species. Therefore, ΔG(H*) of Co@C obviously  
decreased to 0.35  eV and the activity of HER is significantly 
improved. As the doping elements increase from one (N) to 
two (B and N), the coexistence of B and N atoms in the carbon 
shell could coactivate the adjacent C atom in the carbon shell by 
affecting its valence orbital energy levels and leading to a fur-
ther reduced H atom adsorption (ΔG(H*)) (0.118 eV, * denotes 
a free active site on the electrocatalyst model), which was closer 
to 0  eV than other model catalysts, implying a more suitable 
H atom adsorption–desorption property of the codoped carbon 
shell (Figure 4I).[165,166] Hence, the Co@BCN had the best HER 
performance. Besides the Co and Ni cores mentioned above, 
other unary NPMs (e.g., Fe@carbon shell loading on single-
walled carbon nanotube (SWCNT), Cu@N-doped carbon shell) 
could also be used in core–shell structural electrocatalysts.[60,78]

In addition, some reports indicate that the electron penetra-
tion from the metal core to the outer part of the surrounding 
carbon shell can be affected by the thickness of the carbon 
shell.[160,161] From the theoretical calculation, it can be seen that 
the NPM cores could hardly affect the outermost carbon layer 
with an overthick carbon shell. Although electrons can pene-
trate three-carbon shells, the effect of the core on the carbon 
shell would notably decline with an increase in the number of 
carbon shell layers from one to three.[93,160] Hu et al. constructed 
1–2, 2–3, and 3–5 layers of carbon shell structure on the same 
NPM core by adjusting the time of CVD. The electrocatalytic 
tests indicated that the activity decreases with the increase of 
the shell thickness.[93] Both of the theoretical calculation results 
and the experiment results showed that the carbon layer thick-
ness has a substantial influence on the catalytic activity, and 
the thinner the carbon shell, the higher the catalytic activity, 
irrespective of whether an alloy or single metal core is con-
fined within the carbon shell.[91,93,145] In recent years, Bao and 
co-workers have realized a controllable synthesis of a series 
of NPM cores individually confined in single layer or double 
layer of carbon shells, thereby effectively enhancing the cata-
lytic activity.[91,110,111] While paying attention to the significant 
increase in activity by reducing the layer number of the carbon 
shell, it is also necessary to note that the ultrathin carbon shell 
will cause the severe dissolution of the NPM core, thereby 
reducing catalytic durability in harsh environments.[93] And the 
carbon shell could also be dissolved during the electrocatalytic 
process.[128] Meanwhile, some carbon shells with a thickness of 
more than three layers also showed a good electrocatalytic per-
formance.[60,84,102] Therefore, a balance between electrocatalytic 
activity and chemical stability still needs further in-depth study.

In general, diverse NPM-based cores encased in various 
carbon shells structures induce different changes of work func-
tion and electron states. This can thus promote the NPM-based 
core@carbon shell electrocatalysts for various electrocatalysis, 
including HER, ORR, and OER.[80,82,86] Although the confine-
ment structure endows the electrocatalysts with good catalytic 
performance, the challenges of clearly verifying the real active 
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centers in the core–shell electrocatalysts and evaluating the 
effective active sites on carbon shell with or without hetero-
atom doping remain to be completely resolved in the future.

4. Confinement Effects of NPM-Based Cores

For carbon-shell-encapsulated unary-NPM electrocatalysts, the 
confinement effect provides an apparently effective way to not 
only protect the metal core but also enhance the electrocatalytic 
performance. With more in-depth research and exploration of 
optimizing the core–shell nanostructure and electrocatalytic 
performance, designing novel NPM-based core@carbon shell 
materials is widely adopted.[85,122,167] Recently, alloying, doping, 
and heterojunction constructing are the three main strategies 
for modulating the NPM-based cores in order to design appro-
priate core–shell catalysts in different electrocatalytic systems 
(Figure  5).[67,111,168] In this review, alloying design particularly 
means the combination of no less than two kinds of different 
elements (including at least one metallic element) of similar 
amounts, so that the final core has the new alloy properties 
compared to the single element core. Whereas the doping 
design mainly refers to the introduction of small amount of 
heteroatom elements (including metallic elements and non-
metallic elements) into the NPM-based cores. After doping, 

the crystal structure of the parent cores has not changed. This 
section elaborates on these three effects (alloying, doping, and 
heterojunction) in confinement structures and how they modu-
late the electrocatalytic performance by altering the electronic 
structure in the core–shell electrocatalysts shown by theoretical 
or experimental results. It is emphasized that all three effects 
impact on the performance of the core–shell electrocatalysts 
with its confinement structure.[71,74]

4.1. Alloying Effect

Alloys have been widely used in catalysis for several decades. 
The alloying at the nanoscale endows an effective way to 
tune the chemical, electronic, and even magnetic interactions 
between different metal components and combining different 
properties of each pure metal component.[169–171] Numerous 
reports indicate that the alloyed catalysts can show a higher 
activity or selectivity to a certain degree, over the individual 
components.[89,106] Strain effect, ligand effect, and ensemble 
effect in the alloying metals would affect their physicochemical 
property in terms of geometry, electronic property, and coor-
dination situation, thereby modulating their catalytic perfor-
mance. In reality, two or even three of these changes will exist 
simultaneously.[70,172,173] Furthermore, alloying another element 

Figure 5. Schematic illustration of modulating NPM-based cores: A) alloying, and a typical example of NPM alloying core@carbon shell electrocatalysts 
for OER, B) doping, and a typical example of surface N-doped Ni core@carbon shell electrocatalysts (Ni-SN@C) for HER, C) heterojunction, and a 
typical example of Co/CoO heterojunction core@carbon shell electrocatalysts for ORR. TEM image and linear sweep voltammetry (LSV) curves in A) 
Reproduced with permission.[111] Copyright 2016, Royal Society of Chemistry. TEM image and LSV curves in B) Reproduced with permission.[67] Copyright 
2021, Wiley-VCH. TEM image and LSV curves in C) Reproduced with permission.[168] Copyright 2018, Royal Society of Chemistry.
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into a pristine single metal can inhibit side reactions or promote 
antipoisoning ability in a catalytic process to some extent.[147,174] 
However, bare NPM alloy electrocatalysts still have an unsat-
isfactory activity and poor stability in harsh environments. To 
address these issues, NPM alloy cores were confined in conduc-
tive carbon shells.[57,72] Due to the difference in atomic radius, 
the bond length between the heteroatoms in the alloy core has 
changed compared to the unary core, and the d-band center 
has also shift. The change in the overall electronic state of the 
alloy core certainly would influence the electronic situation of 
the closely connected carbon shell. Compared with unary NPM 
core@carbon shell electrocatalysts, the ability of the catalysts 
to adsorb or desorb intermediates can be further optimized 
by introducing suitable alloying elements into the unary NPM 
core.[89,106,111] Hence, the alloying effect in confinement struc-
ture should enhance the performances of both catalytic activity 
and stability. Numerous experimental and theoretical studies 
were conducted in the hope of in-depth understanding the 
main reason for improved performances.[111,128]

Multimetallic alloying is an important part of alloy core 
design (Figure  6A). For example, Bao and co-workers con-
ducted a series of research on binary alloy cores confined in 
carbon shells as catalysts in electrocatalysis. They successfully 
prepared a series of ultrathin graphene shell confining NPM  
cores via CVD or pyrolysis.[110,111,143] The representative product 
consisted of FeNi alloy nanoparticles with the average size of 
4–6 nm and a 1–4 layer graphene shell (FeNi@G, Figure 6B).[110] 
The optimal overpotentials of FexNi1−x@G (x = 0, 0.25, 0.5, 0.75)  
occurred when the content of Fe was 50%, thus FeNi@G dis-
played the smallest overpotential of 280  mV in comparison  
with any other samples and even commercial IrO2 for OER in 

1.0 m KOH solution. The experimental overpotentials increased 
in the following order: FeNi@G < FeNi3@G < Fe3Ni@G < 
Ni@G (Figure 6C). The potential of FeNi@G was kept stable at 
a current density of 10 mA cm−2 for 24 h. Due to the different 
atomic radius and electronegativity of Fe and Ni, the formation 
of bonds and change of the bond length led to the ligand effect 
and strain effect which finally brought about a shift of d-band 
center in binary core and an optimized free energy with the 
reactants and intermediates.[175,176] From the DFT calculations, 
the free energies of HOO* (ΔG(HOO*)) and HO* (ΔG(HO*)) 
on different surfaces had a universal scaling relation, in which 
the different values between ΔG(HOO*) and ΔG(HO*) for dif-
ferent models were all ≈3.2  eV.[111,177] Hence, the theoretical 
overpotential was determined by ΔG(HO*) and ΔG(O*). Using 
this theoretical model, it is possible to predict the overpoten-
tial of NPM-based core@carbon shell electrocatalysts in OER. 
By calculating the free energies of various intermediates for 
the OER over FexNi1−x@G, the electronic properties of the gra-
phene shell could be significantly adjusted by electrons transfer 
after introducing FexNi1−x core and N-doping in the graphene 
shell, which further change the binding energies of interme-
diates on the graphene shell surface. Moreover, it showed that 
the too strong binding of O* on Fe@G would block the active 
sites, which led to a much higher overpotential. When using 
Ni to replace Fe in the core, the free energy of all intermedi-
ates increased. Meanwhile, the number of charge transfer from 
the alloying core to the graphene shell layer was increased 
with the Fe content decrease. This result indicates that Fe core 
may have a more significant activation effect on graphene 
shell compared to Ni core. Hence, the ΔG(HO*) decreased 
with the increase of Fe (inset in Figure 6C), indicating a weak 

Figure 6. A) Schematic illustration of binary NPM@carbon shell. B) High resolution TEM images and schematic illustration of FeNi@G. C) The calcu-
lated and experimental overpotential of FexNi1−x@G for OER. Inset is the free energies of HO* (ΔG(HO*)) of FexNi1−x@G. Here X was 0, 0.25, 0.5, 0.75, 
1, respectively. D) Schematic illustration of ternary NPM@carbon shell. E) High-resolution TEM images, scanning TEM image and elemental mapping 
images of FeCoNi@G. F) The calculated and experimental overpotential of Co, FeCo, and FeCoNi cores confined in graphene layers for OER. Inset is 
the free energies of Co, FeCo, and FeCoNi cores confined in graphene layers. B,C) Reproduced with permission.[110] Copyright 2018, Elsevier Ltd. E,F) 
Reproduced with permission.[101] Copyright 2016, American Chemical Society.
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adsorption of HO*. However, the calculated overpotential 
showed a reversed volcano curve with Fe content increasing. 
As the content of Fe increased from 0% to 50%, the calculated 
overpotential decreased, and increased again when the content 
of Fe increased from 50% to 100%, which were consistent with 
the experimental results (Figure  6C). The trends between the 
calculated overpotential and ΔG(HO*) with the increase of Fe 
content in FexNi1–x@G were different because the adsorption 
strength of the intermediates and the balance of each interme-
diate synergistically influenced the overpotential during mul-
tiple elementary steps of the OER process. When the Fe/Ni 
ratio was about 1, the theoretical and experimental results show 
the optimal activity at the same time.

Moreover, three different kinds of NPM elements were used 
to compose an alloy core (Figure 6D). For example, Yang et al. 
prepared different ratios of ternary FeCoNi alloys confined 
in graphene layers (FeCoNi@G, Figure  6E).[101] Among all 
samples, FeCoNi@G with the mole ratios close to 3:4:3 had 
the lowest overpotential of 325  mV, which was superior to 
FeCo@G, FeNi@G, CoNi@G, and Co@G. It also had the best 
stability in an alkaline electrolyte for 10 000 cycles with neg-
ligible activity change. Although the ΔG(HO*) of the binary 
FeCo alloy core confined in carbon shell had the smallest 
value, the calculated overpotential showed an increased trend 
from ternary FeCoNi to unary Co core, which was consistent 
with the experiment results. (Figure  6F). When the Fe/Co/
Ni ratios changed to 4:4:2 and 2:4:4, the experimental overpo-
tentials increased in the following order: 3:4:3 < 2:4:4 < 4:4:2. 
However, it should be noted that in the theoretical calculation 
of HER, FeCo@G has the best ΔG(H*), which is consistent 
with the experimental results that FeCo@G had the smallest 
overpotential even than FeCoNi@G. To further reveal the dif-
ferent activity between in HER and OER here, charge anal-
ysis was employed. Introducing other metal atoms to form 
alloy would cause the strain or ligand effects, which modified 
the surface electron distribution of an alloy. Therefore, the 
number of electrons transferred from different alloy cores 
to the shell is different, which led to different binding ener-
gies of intermediates. As for HER, FeCo alloying core with 
the most transferred electrons to the graphene shell exhibited 
the best HER performance. With respect to OER, the over-
potential was related to the ΔG(O*) and ΔG(HO*). A proper 
number of transferred electrons were needed, not as many as 
possible. This reason resulted in a volcano plot of the OER 
activity. Consequently, there were no clear advantages of com-
bining metal elements in a ternary alloy core for all electrocat-
alytic reactions. Due to many influencing factors in an electro-
catalytic process for a ternary alloy core confined in a carbon 
shell, the performance was not necessarily better than that of 
binary alloys in electrocatalytic systems.[128] Further under-
standing is needed to adapt the multi-metallic alloy core to the 
overall design of electrocatalysts and the target electrocatalytic 
reaction in order to achieve an improvement.

Nonmetal elements are also an alternative choice for 
designing alloy cores. When the alloying nonmetallic ele-
ment amount reaches the same order of magnitude as the 
NPM atoms, the lattice constant will change from pure unary 
metal to metallic compound (denoted as unary NPM com-
pound core, Figure  7A), which display interstitial alloying 

metal properties.[178,179] For example, Liu  et  al. reported a 
core–shell electrocatalyst composed of ultrasmall Mo2C nano-
particles confined in N-doped carbon nanolayers (Mo2C@
NC) (Figure  7B).[96] Due to the protection by the carbon shell, 
Mo2C@NC showed an overpotential of 124 mV in 0.5 m H2SO4. 
Meanwhile, it also exhibited an excellent stability for 80 h at 
−0.07 V. Theoretical calculations indicated that N doping of the 
carbon shell facilitated the transfer of electrons from adjacent C 
to N atoms in Mo2C@NC (inset of Figure 7B). It clearly showed 
a Mo2C→C→N electron-transfer process in Mo2C@NC, with 
the adjacent C atoms to N atoms as electron acceptors from 
Mo2C and electron donors to N. This result indicated that Mo2C 
and N doping atoms had a synergistic effect, which made the 
C atoms adjacent to N atoms in the carbon shell with unprec-
edented catalytic activity. The absolute value of the calculated 
ΔG(H*) for Mo2C@NC was the closer to 0 than for Mo2C@C, 
Mo2C, NC, and C alone (Figure  7C). This result suggested 
Mo2C@NC as a highly efficient catalyst in HER.

Furthermore, a core composed of two metallic elements 
alloyed with one nonmetallic element (Figure  7D), namely 
binary NPM compound, confined in a carbon shell exhibited 
a better electrocatalytic performance over the unary NPM 
compound@carbon shell and the binary NPM compound 
without carbon shell.[68,109] For instance, Gu  et  al. success-
fully synthesized a bifunctional HER and OER electrocata-
lyst which consisted of FeNi3N nanoparticles confined in a 
graphitic carbon shell supported on reduced GO (labeled 
as FeNi3N@C/RGO, Figure  7E).[102] Theoretical calculations 
showed that the d orbitals of Ni and Fe, and the p orbitals 
of N contribute to the total DOS of FeNi3N (111). It suggests 
more electrons (1.78 e−) being transferred from FeNi3N to 
RGO than from the single-metal nitrides Ni3N (1.16 e−) and 
Fe2N (0.81 e−), leading to charge redistribution at the interface 
of FeNi3N (111)/RGO (inset in Figure 7E). The abundant elec-
tron accumulation on RGO in FeNi3N (111)/RGO enhanced 
the adsorption capacity of the intermediate being close to Pt 
and improved the HER activity (Figure 7F). The experimental 
overpotential of FeNi3N@C/RGO was 94  mV in 1.0 m KOH 
for HER, which was superior to Ni3N@C/RGO (156  mV), 
Fe2N@C/RGO (195  mV), and FeNi3N (235  mV). Meanwhile, 
the activity of FeNi3N@C/RGO remained nearly constant after 
the stability test. The OER experimental results had almost the 
same trend as HER in 1.0 m KOH. All these results indicated 
that FeNi3N@C/RGO exhibited good activity and stability as 
a bifunctional electrocatalyst. In addition, Li  et  al. found that 
the electrocatalytic performance could be enhanced when the 
individual NPM compound@carbon shell achieved long-range 
order.[68] An ordered CoMnO@N-doped carbon shell superlat-
tice structure showed a better HER and OER performance than 
the disordered CoMnO@N-doped carbon shell nanoparticles 
and even an ordered CoMnO@carbon shell superlattice struc-
ture without N-doping in the carbon shell. Hence, these NPM 
compounds as core with a carbon shell, can exhibit higher 
activity and stability for different electrochemical reactions. 
Often an alloy core confined in a carbon shell is reported with 
a better catalytic activity and stability.[103–105] But this does not 
mean that every alloy or an alloy per se will perform better, as 
alloys with worse performance over the unary core may simply 
not be published.

Adv. Funct. Mater. 2022, 32, 2110851



www.afm-journal.dewww.advancedsciencenews.com

2110851 (15 of 24) © 2021 Wiley-VCH GmbH

4.2. Doping Effect

For electrocatalysts confined in a carbon shell, nonmetallic ele-
ments (e.g., N, P) or metallic elements (e.g., Cr, Fe, Co, Ni) are 
doped into the NPM-based core by using inorganic/organic 
reactants, biotemplates, or MOF precursors.[112,113,117,135] Since 
most of the doping amount is less than 5 wt%, the parent 
structures are basically maintained. Nonetheless, doping in the 
cores, which is similar to doping heteroatoms in the carbon 
shell, will expectedly change the local electronic structure 
leading to charge redistribution at the surface and around the 
Fermi level, and change the coordination environment.[180–182] 
The goal is to balance the adsorption/desorption of reactants 
and intermediates, for a better catalytic performance.[183] Con-
fined by the carbon shell, doping effect not only affect the 
electron structure on the surface of the NPM core, but also 
influence the carbon shell. This brings about changes in the 
binding energy to the reactants and intermediates.

Generally, the doping amount on the surface of a metal core 
is very small, so that it cannot affect the overall lattice parameter 
(Figure  8A). However, this doping will influence the surface 
electronic structure and thereby change their electrocatalytic 
performance. Ryu  et  al. developed an electrocatalyst in which 
Co nanoparticles with small amounts of P doped on the sur-
face were confined in a carbon shell and anchored on carbon 
black (P-doped Co@C/C, Figure  8B).[117] The X-ray diffraction 
(XRD) peaks and transmission electron microscopy (TEM) 
image indicated that metallic Co was the majority in P-doped 

Co@C/C. Along with P-doping, the d-band center (davg) shifted 
from −1.93 to −1.72 eV and the oxygen binding energy on the 
carbon shell was enhanced (Figure  8C). The results showed 
that a suitable d-band center position that could well balance 
the adsorption of reactive intermediates and surface coverage 
of blocking species was needed to obtain optimal ORR kinetics. 
The phosphorus incorporation on the surface of the metal core 
endowed the catalyst with a more efficient and durable ORR 
activity (HP  =  0.8  V) and good stability in alkaline solution. 
Surface nitridation on a metal core confined in a thin carbon 
layer also caused a charge redistribution on the catalyst surface, 
which exhibited a positive effect on the electrocatalytic activity 
and stability in electrocatalysis.[67,114]

Besides nonmetal elements, metal elements, such as Cu, 
Mo, could also act as dopants on the surface of the metal core 
to modulate the electronic structure resulting in facilitating the 
electrocatalytic performance.[115,118] Recently, a Mo-doped Ni 
core confined in an N-doped carbon shell anchored on SWCNT 
(Mo-doped Ni@NC/SWCNT) was reported by Majeed et al.[115] 
The content of Mo was only 1.8 wt% as tested by XPS. In 1.0 m 
KOH solution, Mo-doped Ni@NC/SWCNT had overpotentials 
of 130 mV and 255 mV for HER and OER, respectively. Without 
Mo doping, the overpotentials of Ni@NC/SWCNT would 
increase by 60 and 15  mV for HER and OER, respectively. In 
terms of stability, both the LSV curves after 5000 CV cycles 
and the current density after 20 h under constant potentials 
were nearly unchanged. Moreover, the electrocatalytic activity 
also became worse, as the amount of Mo increased to 2.3 and 

Figure 7. A) Schematic illustration of unary NPM compound@carbon shell. B) XRD pattern of Mo2C@NC. Inset is the charge density difference from 
the theoretical calculation of Mo2C@NC with the red and blue areas denoting low and high charge density, respectively (side view of the adsorption 
sites). C) The calculated free-energy diagram of the HER on Mo2C@NC, Mo2C@C, Mo2C, NC, and C. D) Schematic illustration of binary NPM com-
pound@carbon shell. E) XRD pattern of FeNi3N@C/RGO. Inset is the charge density difference by theoretical calculation of FeNi3N (111)/RGO with 
the pink and green areas refer to increased and decreased charge distributions, respectively (side view of the adsorption sites). The C, N, Fe, and Ni 
atoms are marked in yellow, blue, brown, and wathet blue, respectively. F) The calculated free-energy diagram of the HER on FeNi3N (111)/RGO, Fe2N 
(001)/RGO, Ni3N (001)/RGO, and Pt. B,C) Reproduced with permission.[96] Copyright 2015, Wiley-VCH. E,F) Reproduced with permission.[102] Copyright 
2017, American Chemical Society.

Adv. Funct. Mater. 2022, 32, 2110851



www.afm-journal.dewww.advancedsciencenews.com

2110851 (16 of 24) © 2021 Wiley-VCH GmbH

4.1 wt%. These results indicated that a small doping amount of 
Mo into the Ni core could enhance the bifunctional electrocata-
lytic performances. Therefore, the type and content of doping 
elements need to be comprehensively considered based on the 
parent unary NPM cores, the type of catalytic reaction, and the 
environment.

In addition to doping into the unary NPM cores, heter-
oatom doping into NPM compound cores was also reported 
(Figure  8D). For instance, O-doped MoP confined in RGO 
(O-doped MoP@RGO) was reported by Zhang  et  al.[62] The 
Fourier transform (FT) curves from Mo K-edge EXAFS oscilla-
tion function showed some peaks between 1 and 4 Å, belonging 
to Mo–Mo and Mo–P coordination in O-doped MoP@RGO, 
MoP@RGO, and MoP. It was worth noting that a new peak of 
O-doped MoP@RGO at around 1.5 Å was assigned to Mo–O 
coordination (Figure 8E). The intensities of signals for Mo, P, 
and a small amount of O were presented across the particle 
(inset in Figure  8E). The trace O doping possibly resulted in 
the surface structural disorder.[184] From the theoretical calcu-
lations, O-doping increased the DOS of metal atoms close to 
the O atom across the Fermi level, indicating enhanced conduc-
tivity of the O-doped molybdenum phosphides.[185] The incorpo-
rated O atoms led to an increase of electron concentration espe-
cially in the conduction band, facilitating charge carrier transfer 
during the electrocatalytic process.[186] The binding energy of 
an H atom on the surface is reduced after O doping into MoP 
(Figure 8F), which exhibited an optimal Gibbs free energy for 
HER. Furthermore, O-doping elongated the Mo–P bond length, 
weakening the H binding energy to accelerate the desorption of 
H2. As a consequence, the catalytic activity eventually improved. 

In 0.5 m H2SO4 solution, the overpotential at 20  mA cm−2  
of O-doped MoP@RGO was 118  mV, which was smaller than 
that of MoP@RGO (479  mV). Synchronously, introducing 
O-doping into CoP@RGO could also enhance the OER activity 
and stability.

Similarly, when NPM elements (e.g., Ni, Co, Fe, Cr) were 
doped into Mo2C nanoparticles encapsulated in a carbon shell 
(Mo2C@NC), the composite material showed good HER activity 
and stability in 0.5 m H2SO4.[112] The doping elements in these 
samples measured by energy-dispersive X-ray spectroscopy 
were 0.89 wt%, 3.27 wt%, 3.39 wt%, and 2.26 wt% for Ni, Co, 
Fe, and Cr, respectively. Both the lattice spacing in TEM images 
and the XRD characteristic peaks correspond to the Mo2C struc-
ture. The trend of the overpotentials was Ni-doped Mo2C@NC 
(72 mV) < Co-doped Mo2C@NC (122 mV) < Fe-doped Mo2C@
NC (129  mV) < Cr-doped Mo2C@NC (147  mV) < Mo2C@NC 
(298 mV). The Ni-doped Mo2C@NC also had the best stability 
than the other three samples after 2000 CV cycles. From the 
DFT calculations, ΔG(H*) of Ni-doped Mo2C, Co-doped Mo2C, 
Fe-doped Mo2C, and Cr-doped Mo2C was −0.3, −0.4, −0.42, and 
−0.53  eV, respectively, indicating that the NPM doping could 
reduce the intensity of the interaction with H atoms to var-
ying degrees compared to Mo2C. Moreover, ΔG(H*) obviously 
decreased to 0.19 eV after confining Ni-doped Mo2C by N-doped 
carbon shell, leading to the best hydrogen adsorption-desorp-
tion capability. These results jointly indicated that the introduc-
tion of NPM dopants (especially Ni) into Mo2C nanoparticles 
could optimize the HER activity of the catalysts. Furthermore, 
the doping amount of another NPM element more or less had 
an influence on forming partly substitutional or interstitial 

Figure 8. A) Schematic illustration of heteroatom-doped NPM@carbon shell. B) Line profile spectra of P-doped Co@C/C. Inset is the corresponding 
P-doped Co@C. C) d-band centers (davg) of a surface Co atom below the Fermi level on Co2P, and Co surfaces. D) Schematic illustration of heteroatom-
doped NPM compound@carbon shell. E) Fourier transform (FT) of Mo K-edge EXAFS oscillation function. Inset is the scanning TEM image of O-doped 
MoP@RGO and the intensities for different elements. F) The H atom binding energy bound with a P atom on a surface of O-doped MoP and neat 
MoP, respectively. B,C) Reproduced with permission.[117] Copyright 2014, Royal Society of Chemistry. E,F) Reproduced with permission.[62] Copyright 
2016, American Chemical Society.
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doping on the NPM-based core according to the calculated 
formation energies, which could also have a positive or nega-
tive impact on the electrocatalytic activity.[113] Notably, doping a 
confinement structure in the above-mentioned electrocatalysts 
could improve the electrocatalytic performances, concerning 
both activity or stability.

4.3. Heterojunction Effect

In general, a heterojunction structure, in the presence of an 
electrical contact interface of two different materials, has an 
unequal band structure. The Fermi levels tend to balance 
leading to charge transfer and stretching the region of charge 
depletion, which is macroscopically different from their single 
components. The enhancement of catalytic performance of 
heterojunction is attributed to the electron relocalization at the 
interface and exposure of active sites.[123,187–189] A heterojunc-
tion structure in catalysts is widely used in numerous catalytic 
reactions, especially in electrocatalysis.[190–195] Constructing 
a carbon shell around an NPM-based nanoheterojunction 
to form a confinement structure could effectively provide a 
physical protection for the NPM-based heterojunction core, 
similar to the alloyed and doped structures. More importantly, 
the synergistic interaction, especially the electronic effect, 
between different components in this heterojunction core, 
can effectively promote the electron transfer between the two 
components, and it is also beneficial to promote the electron 
transfer from the inner NPM-based heterojunction core to 
the outer carbon shell, thereby improving the adsorption or 
activation of intermediates for boosting the electrocatalytic 
performance.

One kind of typical heterojunction core is composed of NPM 
and NPM compound (Figure  9A). Liu  et  al. developed a Ni/
Ni2P nanoheterojunction core confined in a carbon shell (Ni/
Ni2P@C) by combined carbonization and phosphorization pro-
cesses.[121] The weight ratio of Ni and Ni2P could be easily con-
trolled by changing the amount of NaH2PO2 which is used as 
bonderite. The clear lattice fringes indicated that Ni and Ni2P 
were closely connected with each other at the nanolevel, which 
was seen as a strong evidence of nanoheterojunctions in Ni/
Ni2P@C (Figure  9B). Compared to Ni@C and Ni2P@C, Ni/
Ni2P@C exhibited a much better HER performance in 0.5 m 
H2SO4 with an overpotential of 149 mV and negligible negative 
shift of the LSV curves after 1000 cycles. The heterojunction 
design was deemed to play a significant role in promoting HER 
performance. Further DFT calculations showed that Ni/Ni2P 
had a lower ΔG(H*) of −0.12 eV than those of Ni2P (−0.23 eV) 
and Ni (−0.30 eV). Meanwhile, the calculated DOS manifested 
that the Ni/Ni2P structure with its metallic state in contrast to 
single Ni and Ni2P had an enhanced carrier density near the 
Fermi level (Figure 9C). These theoretical results explained the 
better HER electrocatalytic activity of Ni/Ni2P, in accord with 
the experimental results.

Moreover, Su et al. developed a Co/Co3ZnC nanoheterojunc-
tion core confined in a thin NG shell (Co/Co3ZnC@NG) by 
thermal decomposition of Prussian blue analogs at 650 °C.[69]  
Above or below this temperature, Co@NG or Co3ZnC@NG 
were obtained, respectively. Co and Co3ZnC were closely 
connected with each other at the nanolevel, which provided  
strong evidence of nanoheterojunctions in Co/Co3ZnC@
NG. The XPS peaks of Zn 2p and Co 2p of Co/Co3ZnC@
NG shifted toward lower binding energies, compared to that 
in samples with a single component core, which suggested 

Figure 9. A) Schematic illustration of binary NPM/NPM compound@carbon shell. B) High-resolution TEM image of Ni/Ni2P@C. C) Calculated DOS 
for Ni/Ni2P, Ni2P, and Ni. D) Schematic illustration of NPM compound 1/NPM compound 2@carbon shell. E) High-resolution TEM image for an 
individual CoP/Co2P@PC core–shell nanostructure component in CoP/Co2P@PC/PG. F) Comparison of Raman spectrum of CoP/Co2P@PC/PG and 
PC/PG. B,C) Reproduced with permission.[121] Copyright 2019, Wiley-VCH. E,F) Reproduced with permission.[124] Copyright 2019, Wiley-VCH.
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charge transfer from Co to Co3ZnC. In turn, this would 
increase the electron–electron repulsion within the Co3ZnC 
nanoparticles, implying a strong electron coupling effect. The 
electron state change in the heterojunction core would affect 
the electron redistribution on the interface between the core 
and the carbon shell. Besides, NG shell provided synergism 
with the inside Co/Co3ZnC nanojunction and protection 
during electrocatalytic reaction by confinement effect. As a 
consequence, Co/Co3ZnC@NG displayed the lowest overpo-
tential of 366 mV in 1.0 m KOH for OER, superior to that of 
Co@NG (419 mV), Co3ZnC@NG (380 mV), and commercial 
RuO2 (377 mV).

Not only metal and metal compound but also two different 
metal compounds could form nanoheterojunction structures 
confined in carbon shell (Figure 9D). For example, Yang et al. 
successfully prepared a CoP/Co2P heterojunction nanocrystals 
encapsulated in a P-doped carbon shell (PC) loaded on P-doped 
graphene (PG) nanohybrids (CoP/Co2P@PC/PG, Figure 9E).[124] 
The lattice spacings and the XRD results simultaneously con-
firm the coexistence of the mixed-phase CoP/Co2P component 
in CoP/Co2P@PC/PG. From the Raman spectrum (Figure 9F), 
the peaks of CoP/Co2P@PC/PG were redshifted about 26 cm−1 
relative to pure PC/PG, suggesting that there existed a strong 
coupling effect between the CoP/Co2P core and the PC/PG 
shell.[196] Therefore, the interaction between CoP/Co2P and PC/
PG affects the adsorption capacity or activation of H2O and 
other intermediates during the electrocatalytic process. CoP/
Co2P@PC/PG had the best activity with an overpotential of 
39 mV for HER in 1.0 m KOH, superior to other counterparts 
including CoP@PC/PG (46 mV), Co2P@PC/PG (138 mV), and 
PC/PG (over 200 mV). The electrochemical double-layer capaci-
tance and charge transfer resistance demonstrated that CoP/
Co2P@PC/PG had the most available active sites and the fastest 
interfacial electron transfer kinetics. Furthermore, CoP/Co2P@
PC/PG almost kept its initial activity after 5000 CV cycles, 
which showed a good stability. In the alkalic OER system, CoP/
Co2P@PC/PG still exhibited superior activity and stability over 
the contrast samples.

Two NPM compounds with different nonmetal elements 
(e.g., metal nitrides, metal phosphides) formed a nanojunc-
tion core in Co2P/Co5.47N nanoparticles encapsulated in an 
N-doped carbon shell loaded on NG (Co2P/Co5.47N@NC/NG) 
have also been synthesized and exhibited good activity and 
stability for OER in 0.1 m KOH.[126] Co2P/Co5.47N@NC/NG 
needed an overpotential of 390  mV, superior to Co5.47N/NG 
with an overpotential of 490  mV. It suggested that both the 
heterojunction core and the NC shell had positive effects for 
OER. However, in the above examples, an all-sided theoretical 
analysis of NPM-based heterojunction core@carbon shell 
is still lacking. Part of the research only uses experimental 
results and analytical characterizations to verify the perfor-
mance improvement. Due to the number of the components 
and the diversity of the interfaces, several constructed theo-
retical models only considered the heterojunction core and 
ignored the carbon shells. This poses new challenges for the 
future development of mechanistic studies. Overall, these syn-
ergistic superiorities of the heterojunction in the confinement 
structure show a clear effect for the improvements of electro-
catalytic performances.

5. Conclusions and Perspectives

Since the emergence of the NPM-based core@carbon shell 
structure in the 1990s, numerous research activities have con-
tinued to spring up with respect to structural design aimed at 
enhancing the electrocatalytic performance. In this review, an 
overview of recent methodologies on preparing NPM-based 
core@carbon shell structures was summarized. The relation-
ship between the fundamental confinement effect and the 
performance improvement of the carbon shell encapsulating 
unary NPM electrocatalysts was subsequently elucidated. Fur-
thermore, the effects of alloying, doping, and heterojunction 
in NPM-based core@carbon shell electrocatalysts in term of 
experimental results and theoretical calculations (when avail-
able) were fully discussed. Despite the great progress in the 
development of various NPM-based core@carbon shell elec-
trocatalysts, there are still many difficulties and challenges 
ahead. For instance, the electrocatalysis theory relatively lags 
behind the development of NPM-based electrocatalysts under 
such rapid progress. The essence of the electronic properties 
on the core, core/shell interface, and shell surface are less than 
understood with a lack of systematic analysis. The trial-and-
error methods are now conducted more commonly rather than 
theoretical prediction methods. To accelerate the development 
of NPM-based core@carbon shell electrocatalysts, the following 
goals are supposed to achieve in the near future.

(1) Synthesis requirement: Core@shell structure is the most 
common design. Many demands are required, such as the 
inside nanoparticles size, the outside carbon shell thickness. 
With reducing of the core size, subnano size might be ad-
dressed and the nanoeffect, even atom-effect, would be pro-
moted. Note that it is not easy to tune the particle size of the 
NPM core in a controllable and uniform range, although the 
control is of vital importance in the high utilization efficiency 
of metal and subsequently the high transfer efficiency of elec-
trons from core to shell. The thickness of the carbon shell 
is key to affect the electron penetration in different electro-
catalytic reactions via experimental results or theoretical cal-
culations. Therefore, the accurate layer number control still 
needs to be taken seriously, although the carbon shell can 
now be reduced to a single layer. Although it was reported 
that the thinner shell exhibited the better electrocatalytic per-
formance, there is no clear structure–function relationship 
between carbon layer number and electrocatalytic stability. 
The compromised choice for the carbon shell was to increase 
the layer numbers to two to three layers. Moreover, a double-
layer hybrid shell, such as layered graphene and MoS2,[197] is 
also a novel idea to improve electrocatalytic performance or 
even realize multifunction electrocatalysis.

Furthermore, the design and synthesis of uniform size and 
shape within NPM-based core@carbon shell electrocatalysts 
are still challenging. At present, the optional shapes of the core 
are far from sufficient. Almost all NPM-based cores in the elec-
trocatalysts were nanoparticles coated by a carbon shell. A few 
reports constructed 3D integral structures by introducing dif-
ferent surfactants, templates, and supports to promote matter 
diffusion and electron transfer, which are two important factors 
on influencing the electrocatalytic performance. However, the 
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main active components in these 3D electrocatalysts were also 
the nanoparticles confined in a carbon shell. It is noteworthy 
that designing the NPM-based core with diverse shapes (e.g., 
nanopolyhedron, nanowire, nanorod, nanotube, nanodendritic 
crystal, nanofractal structure) or high catalytic activity crystal 
surface is an interesting but difficult way to expose more 
activity sites than in simple nanoparticles.[198] These cores con-
fined in carbon shells may change the electronic states of the 
carbon shell resulting in improving the active site accessibility 
and optimizing free energies of reactants and intermediates.

(2) Components discovery: It is well known that binary NPM 
alloys not only efficiently regulated the electronic structure 
compared to the unary NPM core, but can also integrate the 
advantages of the two-metal elements. Currently, a ternary 
NPM core confined in a carbon shell is often the limitation, 
but at most 15 metal elements contained in a nanoparticle 
have already been synthesized in the absence of the carbon 
shell.[199–202] Limited by the synthesis methods, it is very diffi-
cult to reach a multielement (over 3) alloyed core in a confine-
ment structure. Therefore, the great interest arises to develop 
metal alloy or metal compound cores with over three metal 
elements. In addition, doping was another effective meas-
ure to modulate electronic properties by introducing stress, 
dislocation, disorder into NPM-based core or carbon shell. 
The controllable increase of the doping elements might be a 
highly encouraging approach.

Considering the heterojunctions composed of two different 
phases, interfacial interaction could have obviously effects on 
the electronic structure. The heterojunction core confined in 
a carbon shell could play a positive role to enhance the cata-
lytic performance. Various methods have been used for single 
metal-based, alloyed metal-based or metallic compound-based 
core confined in carbon shell materials synthesis. It has to be 
pointed out that the synthesis method of NPM-based hetero-
junction core@carbon shell structure is still a great limitation. 
A single method was often only suitable for one or few speci-
fied core–shell electrocatalysts with NPM-based heterojunc-
tion core. There is still a lack of a universal way to construct 
numerous nanoheterojunction cores. Therefore, more routes 
are required for the synthesis of a rich variety of NPM com-
pounds, not limited to pure metal, carbides, nitrides, and phos-
phides which are frequently used.

(3) Mechanism need: The electrocatalytic mechanism study is 
crucial for understanding of reaction process and enhance-
ment of electrocatalytic performance, and also in reverse 
for the structural and electronic design and modulation of 
core–shell electrocatalysts. Although the electronic proper-
ties and catalytic nature on the NPM-based core@carbon 
shell electrocatalysts have been investigated by both experi-
ments and theoretical calculations, there is a lack of effec-
tive characterization methods to in situ observe the electron 
transfer process and the corresponding variation of structural 
and electronic properties during the real electrocatalytic reac-
tion. For example, advanced in situ scanning tunneling mi-
croscopy or TEM could provide the information on the struc-
ture, composition, and morphology of the catalysts, while 
in situ photoemission electron microscopy could obtain the 

information on the spatial distribution of adsorbates and on 
reaction processes.[203,204] Moreover, electronic/geometric 
structure, coordination environment, structural reconstruc-
tion, and catalyst-reactant/intermediate interaction could be 
performed by in situ X-ray absorption spectroscopy, during 
both the synthesis process and ongoing reaction. The in situ 
Raman and infrared spectroscopy could also provide the in-
formation on chemical state and phase transition, and sur-
face adsorbates/reaction intermediates.[205,206] Hence, it is a 
big requirement to introduce or coalesce more effective in 
situ characterization techniques to understand the electro-
catalytic nature and process in this NPM-based core@carbon 
shell electrocatalysts.

Alloying effect, doping effect, and heterojunction effect are 
the three most important features of NPM-based core@carbon 
shell electrocatalysts for enhancing electrocatalytic performance 
on the basis of the confinement effect. In order to study how 
these effects affect the electrocatalytic performance, contrast 
experiments are the most used methods, along with theoretical 
calculations at times. However, most theoretical calculations 
in the publications use idealized simple models. Sometimes, 
the detailed calculation data for core–shell electrocatalysts with 
almost the same composition in different studies may be a 
little different, although the conclusions drawn from the theo-
retical calculations are consistent with experimental results. 
Whereupon, a universal and systematic theoretical calculation 
system is still needed for the repeatable and in-depth analysis 
of the structure–effect relationship of these NPM-based cores 
confined in carbon shell hybrids. In addition, the definite struc-
ture provides a well-defined model to bridge the theoretic study 
and realistic systems, but a big gap between them still remains. 
This is obvious in theoretical calculations of the doped struc-
tures with multielement doping and heterojunction structures. 
It is also a big need to enrich and improve the theoretical cal-
culations to study the natures of these complex structures by 
using more approximate models instead of simplified models 
or single-component models. Meanwhile, alloying effect, 
doping effect, and heterojunction effect have undoubtedly cer-
tain influences on electronic properties of internal NPM-based 
cores as well as the confinement effect. Thus, further break-
throughs in the theory of electronic energy band structure will 
help researchers to understand the change of the electronic 
structure between the core, core–shell interface, and shell more 
deeply and meticulously. Moreover, apart from the theoretical 
calculations for enhancing the activity, very little theoretical 
works have focused on their stability mechanism. More theo-
retical works should thus pay attention to the stability of struc-
ture and activity especially in long-term operation under harsh 
environments. With the development of the theoretical analysis 
basics and methods, the predictable design of electrocatalysts 
can be realized in the future.

Although NPM-based core@carbon shell catalysts have been 
studied in many fields for few decades, much remains to be 
learned for the fundamental research and industrial applica-
tions of these core–shell catalysts in many aspects such as 
electrocatalysis and industrial catalysis. The insights about 
structures, electronic properties, catalytic nature and process 
of core–shell catalysts will be increasingly enhanced. There is 
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a surely promising future for the advancement of this improve-
ment by continued developments in synthetic technology, char-
acterization science, and theoretical calculations to broaden and 
understand the class of these core–shell catalysts.
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