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Biodiversity Benefits for Size Modulation of Metal 
Nanoparticles to Achieve In Situ Semi-Oxidation toward 
Optimized Electrocatalytic Oxygen Evolution

Jia Zhang, Rong-Zhi Sun, Xue-Feng Zhang, Jun-Xi Wu, Yu-Hai Dou, Xuan-Yi Zhu, Li-Hong Yu, 
Lu-Yao Guo, Min-Ling Liu, Lin Guo, Li-Ming Cao, Chun-Ting He,* and Xiao-Ming Chen

Biodiversity endows similar species with subtle differences in composition, 
microstructure, and surface chemistry, making biomass a promising 
precursor to control the resulting active structure for heterocatalysis. Here, 
it is shown that Tremella fuciformis (Tfu), possessing an abundant porous 
structure and favorable metal affinity, is favorably serves as a precursor 
for confining uniform metal nanoparticles, by comparing the chemical 
characteristics of six varieties of agarics. The modest size of Co in the Tfu 
derived composite, Co@NPC-Tfu (NPC = N, P co-doped carbon), is suitable 
for in situ semi-oxidation during oxygen evolution reaction (OER), forming 
a stable core-shell structure of Co3O4@Co. Thus, Co@NPC-Tfu can be 
used as a state-of-the-art electrocatalyst for OER with an overpotential 
of 213.6 ± 4.1 mV at 10 mA cm−2, and a significant turnover frequency of 
3.21 s−1 at 300 mV, benefitting from the optimum trade-off between the 
atom utilization and electrical conductivity. Operando spectroscopy and 
theoretical calculations unveil the occupied state modulation of the robust 
carbon-bonded POx groups, which optimizes the intermediate adsorption 
to accelerate OER kinetics. Moreover, Tfu derived Ni@NPC-Tfu can be also 
prepared as a high-performance hydrogen evolution reaction electrocatalyst, 
which can be utilized for efficient overall water splitting coupled with  
Co@NPC-Tfu.
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1. Introduction

Electrocatalytic water splitting by renew-
able electricity is a promising way of 
hydrogen production and resolving the 
increasingly serious environmental  
pollution and energy crisis.[1] Currently, 
researchers are devoted to develop inex-
pensive and efficient non-precious metal 
electrocatalysts to solve the commercializa-
tion limitation of noble metal ones, espe-
cially to overcome the kinetically sluggish 
oxygen evolution reaction (OER) on anode. 
Carbon supported transition metal nano-
particles (TMNs@C) are hot as newly elec-
trocatalytic materials due to their intrinsic 
large specific surface areas, excellent 
conductivity, activity, and stability.[2] The 
carbon sources can be divided into organic 
carbon sources (amines,[3] alkanes[4] and 
halogenated organics,[5] etc.) and inor-
ganic/hybrid carbon sources (graphene,[6] 
carbon nanotube[7] or metal-organic frame-
works (MOFs),[8] etc.). The carbonization 
processes of organic carbon sources are 
rather complex and hard to regulate the 
final morphologies, which usually require 

special preparation techniques and always generate by-products. 
Inorganic/hybrid carbon sources have advantages since they can 
keep the morphologies of the precursors and achieve precise 
control of micro-nano structures, yet they are limited by their 
exorbitant prices as well as the difficulty of scaling preparation.[9]

The particle sizes of TMNs are of vital importance to their 
electrocatalytic performance.[10] Generally, TMNs will be easily 
oxidized into the corresponding metal oxides with higher 
active yet lower electrical conductivity on their surface espe-
cially under alkaline conditions and/or oxidation bias potential. 
When the particle size is too small, such oxidations tend to be 
exhaustive, leading to a high atom utilization rate of the active 
sites but a decreased conductivity. On the contrary, only superfi-
cial surface oxidations can occur if the size is too large, as a con-
sequence, the atom utilization is relatively low. When the size 
of TMNs is enjoyable, it would be possible to form a semi-oxide 
core-shell structure (appropriate metal oxide on the shell layer 
and protect the metal in core from further oxidation), which 
be conducive to electrocatalytic performance with the favorable 
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conductivity and atom utilization (Figure 1). On the other hand, 
uncontrollable particle sintering/agglomeration of TMNs@C 
is usually difficult to be avoided, though that reducing the par-
ticle sizes and increasing the dispersion will make the catalysts 
more active. In order to obtain stable nanoparticles with desired 
sizes, porous molecule-based confinement has been proved to 
be an effective strategy recently. The unique space and coordi-
nation confinements of porous molecule-based materials, such 
as MOFs,[11] covalent organic frameworks (COFs),[12] and porous 
organic polymers (POPs),[13] etc., are conducive to prepare uni-
form nanoparticles with specific sizes. Besides, the organic 
wraps or carbon supports formed in situ serve as the electronic 
regulators and structural protectors, thereby leading to electro-
catalysts with superior performance.

Biomass is a natural resource with a wide range of sources, 
low price, and renewability. Due to the rich carbon content and 
unique micro-nano-structure, biomass-derived carbon-based 
materials have shown unique advantages in heterocatalysis.[14] 
Similar to MOFs, COFs, or POPs, abundant N- or O-containing 
organic functional groups (from proteins and carbohydrates, etc.) 
in biomass can coordinate and confine metal ions/compounds, 
meanwhile the specific porous structures can provide effective 
confinement space. Besides, the heteroatoms (e.g., N, P, and S) 
rich in biomass can be doped into the carbon substrate in situ 
during the carbonization process, and benefit to adjust the elec-
tronic structure and then affect the catalytic performance.[15] Fur-
thermore, biomass can skip the complicated synthesis processes, 
being conducive to the large-scale preparation.

Although a variety of biomasses have been used to prepare 
TMNs@C for energy catalysis, such as rose,[16] duckweed,[17] 
yeast,[18] and carrot.[19] However, most supported nanoparticles 
are purely large and of uneven sizes, which may greatly affect 
the catalytic performance. Moreover, in-depth studies on how 
different varieties of biomass affect the structures and activities 
of the catalysts, as well as their corresponding catalytic mecha-
nisms remain great challenge. Agaric, a kind of worldwide 
abundant fungi, is cheap, rich in phosphorus (could be directly 
used as P source), and easy to be scalable produced. It possesses 
a 3D network structure, plentiful chitin and super high water 
absorption capacity, which make it promising as a precursor to 
prepare TMNs@C with excellent performance.[20] Considering 
the biological diversity, we selected six different varieties of 
agarics, Tremella fuciformis (Tfu), Auricularia cornea (Aco), Auric-
ularia nigricans (Ani), and three kinds of Auricularia auricular 
(Aau) from different origins (Figure  S1, Supporting Informa-
tion), as precursors to prepare N and P co-doped carbon sup-
ported Co nanoparticles (denoted as Co@NPC-y, y = Tfu, Ani, 
Aco, Aau, Aau(Q), and Aau(F), NPC = N, P co-doped carbon). 
Through comparison, we found that the biodiversity had sig-
nificant effects on the sizes and activities of their derived nano-
particles. Among them, the size of TMNs in Co@NPC-Tfu was 
modest for in situ semi-oxidation (ISSO) to form a stable core-
shell structure. Thus, Co@NPC-Tfu exhibited the optimum 
OER performance, surpassing the benchmark RuO2 and others 
reported Co or CoOx based electrocatalysts. Operando spectro-
scopic technology and DFT calculations revealed that the robust 

Figure 1. Different oxidation types on metal nanoparticles with different sizes and the corresponding effects on the conductivity and atom utilization 
ratio: a) full oxidation, b) semi-oxidation, and c) surface oxidation.
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carbon-bonded POx groups derived from the phosphorus 
source in agaric also played an important role on the OER 
processes. This simple, low-cost, and scalable agaric-derived 
method can be easily extended to other transition metals. For 
instance, Ni@NPC-Tfu was successfully synthesized and exhib-
ited remarkable hydrogen evolution reaction (HER) perfor-
mance, which, being coupled with anode electrocatalyst of Co@
NPC-Tfu into an overall water electrolysis device, merely needed 
a cell voltage of 1.53 V to drive a current density of 10 mA cm−2.

2. Results and Discussion

2.1. Size and Component Modulations by Biodiversity

All the agaric-derived N, P, and Co co-modified porous 
carbon nanosheets were synthesized by a simple adsorption- 
carbonization method (Scheme 1). Take the Tfu as an example, 
first, Tfu was soaked in cobalt nitrate solution and the color was 
changed to pink as well as the volume was expanded by ≈50%. 
Then the mixture was further treated with KOH solution and 
the color was changed to green (Figure S2, Supporting Infor-
mation). Finally, after dehydration by freeze-drying, the sample 
was pyrolyzed at 900  °C under N2 to generate the Co@NPC-
Tfu. By this method, catalysts can be synthesized simply and 
in large quantities. For instance, we can prepare ≈10  g Co@
NPC-Tfu with 45 g Tfu per time under our laboratory conditions 
(Figure S3, Supporting Information). It is worth noting that the 
cost of Co@NPC-Tfu is only ≈0.55 $ g−1 (Table S1, Supporting 
Information), being 1/277 of commercial RuO2 (152.6 $ g−1, 
from Aladdin).

As shown in the scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM) images, although the 
microscopic morphology of various agarics after carbonization 
are similar, all of them have perfectly inherited interconnected 
3D nanostructure, but there are subtle differences among dif-
ferent kinds of agarics. Co@NPC-Tfu possesses the fluffiest 
and porous network constructed by ultrathin nanosheets com-
pared with other samples (Figure 2a). Co@NPC-Ani, Aau, 
Aau(Q), and Aau(F) also consist of lamellar-crossing porous 
networks yet look slightly thick and denser. Peculiarly, Co@
NPC-Aco displays villous nanowires on the top of one side 
(Figure S4a, Supporting Information). The TEM images show 

that Co@NPC-Tfu, Aau, Ani, Aco, Aau(Q), and Aau(F) con-
sist of Co nanoparticles that are encapsulated within carbon 
matrices. Interestingly, the distribution of Co NPs on Co@
NPC-Tfu is the most uniform with the smallest average particle 
size of 9.7 nm (Figure 2b; Figure S4b, Supporting Information). 
Elemental mappings from energy dispersive X-ray spectrom-
etry (EDS) revealed that C, N, P, and Co elements are homo-
geneously distributed in all the samples (Figure 2c; Figure S4c, 
Supporting Information). HRTEM images showed legible lat-
tice fringes with a pitch of ≈0.204 nm corresponded to the (111) 
facets of Co crystal, confirming the formation of Co nanopar-
ticles, and the Co nanoparticles are completely encapsulated 
by few-layers of carbon shells (Figure 2d; Figures S4d,S5, Sup-
porting Information).[21] Besides, all the materials possessed 
very small thickness ranges from 2.7 to 4.3 nm tested by atomic 
force microscope (AFM), among which Co@NPC-Tfu was 
the thinnest while Co@NPC-Aau was the thickest (Figure  2e; 
Figure S6, Supporting Information). The ultrathin morphology 
of the Co@NPC-Tfu should have a positive effect on the elec-
tron transport in electrocatalysis.[22]

The surface electronegativity of Tfu was the strongest 
among all varieties since the lowest zeta potential of 
−21.9  ±  0.2  mV,  which was beneficial for capturing and 
anchoring positively charged metal cations, resulting the 
smallest and uniform metal nanoparticles in Co@NPC-Tfu 
(Figure  2f). The architectures of samples after carbonization 
were further investigated via nitrogen sorption (Figures S7,S8, 
Supporting Information). The sorption isotherms showed 
that Co@NPC-Tfu owns the largest BET specific surface area 
(437  m2 g−1), being consistent with the observation of SEM. 
Interestingly, all of the samples exhibited uniform micropores 
with narrow size range from 0.8 to 1.2 nm (Co@NPC-Aau and 
Co@NPC-Ani even showed unimodal distributions), which 
were rarely observed in biomass derived carbon-based mate-
rials.[23] Raman spectra were further performed to investigate 
the structures of carbon matrixes (Figure S9, Supporting Infor-
mation). Co@NPC-Tfu (0.97) and Co@NPC-Aco (1.01) pos-
sessed larger ID/IG values than other materials, suggesting 
the presence of more defects and/or heteroatom dopings, 
being conducive to expose more active sites and optimize the 
electronic structures.[24] The crystal phases of these materials 
were analyzed by powder X-ray diffraction (PXRD), and all of 
samples have a broad diffraction peak at 26.3°, which can be 

Scheme 1. Schematic illustration of the synthesis process for Co@NPC-Tfu.
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attributed to (002) planes of graphite carbon (JCPDS card no. 
41-1487). Besides, there were three diffraction peaks, located at 
44.2°, 51.4°, and 76.0°, corresponding to the (111), (200), and 
(220) crystal facets of Co, respectively (JCPDS card no.15-0806; 
Figures S10,S11, Supporting Information).

Through the inductively coupled plasma-optical emission 
spectrometry (ICP-OES) measurements, the accurate elemental 
contents of P and Co in this series of samples range from 0.14 to 
0.3 wt%, and 6.25 to 12.69 wt%, respectively (Figure 2g). Among 
them, the content of P in Co@NPC-Tfu is the largest (0.3 wt%), 
which foreshadows more active defect sites and stronger elec-
tronic transfer in this material. Nevertheless, the content of Co 
is the lowest (6.25 wt%), suggesting Co@NPC-Tfu may have 
higher mass activity in electrocatalysis. In order to reveal the 
bonding configuration of P, Fourier transform infrared (FT-IR) 
spectra of all the samples were carried out. Two character-
istic peaks at 1124 and 1068 cm−1 can be obviously observed, 
corresponding to the PC and PO stretching, respectively 
(Figure  S12, Supporting Information).[25] The detailed chem-
ical states of elements were characterized by X-ray photoelec-
tron spectroscopy (XPS). It can be seen that all samples con-
tain C, P, N, O, and Co elements, as well as have very similar 

high-resolution XPS spectra for each element (Figures S13,S15, 
Supporting Information).[26] The C 1s fine spectrum shows 
three peaks with binding energies at 286.5, 285.7, and 284.8 eV, 
which can be assigned to CN, CP and CC, respectively 
(Figure S12, Supporting Information).[27] In the high-resolu-
tion P 2p spectra, the bonding species of PC located around 
133.5 eV are still obvious although the other signal strength is 
weak (Figure S14, Supporting Information).[28] The C 1s and P 
2p spectra indicate that the P atoms were mainly doped into 
the carbon matrix to form robust covalent bonded POx groups, 
being consistent with the EDS and FT-IR results. Interestingly, 
the binding energy of Co in the high-resolution spectrum of Co 
2p corresponded to the phosphorus content in samples. As the 
phosphorus content increased, the binding energy of the Co 
species was positively shift, implying the carbon-bonded POx 
groups can promote the electron transfer from Co, creating 
an more electron-deficient feature on the Co of Co@NPC-Tfu, 
which could facilitate the catalytic performance (Figure  2h). 
However, the binding energy of Co did not shift in Co@NPC-
Tfu with different metal loadings, further confirming that the 
electronic structure of Co is mainly affected by the content of 
P rather than the size of nanoparticle (Figure S16, Supporting 

Figure 2. Morphology characterizations: a) SEM image, b) TEM image (inset: particle-size distribution), c) elemental mappings, d) HRTEM image, 
and e) AFM image of Co@NPC-Tfu. f) Zeta potential of various agarics (error bars estimated from three experimental repetitions). g) The P and Co 
contents and h) Co 2p XPS spectra of Co@NPC-Tfu, Aco, Ani, Aau, Aau(F), and Aau(Q), respectively.
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Information). To sum up, the advantages of Tfu in microstruc-
ture, surface electronegativity, and phosphorus content are con-
ducive to the confinement of metal precursors, the size mod-
ulation of nanoparticles, and the electronic regulation of Co, 
respectively, all of which will contribute positively to the cata-
lytic performance of Co@NPC-Tfu.

2.2. Electrocatalytic Activity Evaluation

The electrocatalytic performances of the catalysts were first 
evaluated by linear sweep voltammetry (LSV), showing that 
Co@NPC-Tfu exhibited the best OER performance between 
control samples (Figure S17, Supporting Information). At 
the current density of 10  mA  cm−2, Co@NPC-Tfu showed 
the lowest overpotential of 245.7 ± 1.5  mV  on glassy carbon 
electrode (GCE), being lower than other Cox@NPC-Tfu 
(Figure S18, Supporting Information), as well as those of Co@
NPC-Aco (348.7 ± 1.5  mV),  Co@NPC-Ani (404.3 ± 15.6  mV),  
Co@NPC-Aau (296.7 ± 0.6  mV),  Co@NPC-Aau(F) 
(318.7  ±  2.1  mV),  Co@NPC-Aau(Q) (370.3 ± 8.0  mV),  and the 
benchmark RuO2 (333.3 ± 3.5  mV).  The Tafel slope of Co@
NPC-Tfu was 63.9 ± 1.3 mV dec−1, which also lower than other 
catalysts (Figure 3a,b; Figures S19,S21, Supporting Informa-
tion). We further analyzed the relationships between Δη/Δlog|j| 
and current densities, while smaller Δη/Δlog|j| ratio needs less 
overpotential when current density increases, which has better 
catalytic performance (Figure 3c). When the current density was 
lower than 60 mA cm−2, the ratios for Co@NPC-Tfu and RuO2 
were not far apart. However, when up to the higher current  

density (e.g., 120  mA  cm−2), the ratio for Co@NPC-Tfu  
(182.8 ± 17.7  mV  dec−1) was significantly much lower than 
that of RuO2 (425.9 ± 11.6  mV  dec−1), indicating that Co@
NPC-Tfu could work even better for high-current-density. It is 
worth noting that the overpotential of Co@NPC-Tfu on GCE 
is remarkably smaller than the reported values for cobalt/
cobalt oxide-based electro-catalysts and other single metal 
high-performanced OER electrocatalysts, and serve as one 
of the state-of-the-art OER electrocatalysts (Figure  3d; Tables 
S2,S3, Supporting Information). Considering the substrate 
effect, we also tested the OER performance of Co@NPC-Tfu 
on carbon cloth (CC), which merely needed an overpoten-
tial of 213.6 ± 4.1  mV  at 10  mA  cm−2, and after a 24 h chro-
nopotentiometry test, the potential only increased by 3.2% 
(Figure  3f). By detecting the cobalt and phosphorus con-
tents in the electrolytes after 100 and 1000 cycles of CV, we 
found changes of both P and Co contents in the electrolytes 
were negligible after the electrolysis process, further con-
firming the stability of Co@NPC-Tfu and the carbon-bonded  
POx groups (Table S4, Supporting Information). Materials 
with lower charge transfer resistance (Rct) will accompany with 
better catalytic performance, so we carried out electrochemical 
impedance spectroscopy (EIS) measurements. It can be found 
that Co@NPC-Tfu exhibited the fastest electron transfer since 
its much smaller Rct value compared with other reference cata-
lysts (Figure S22, Supporting Information). To clearly reflect the 
electrocatalytic activities of different catalysts, the electrochemi-
cally active surface area (ECSA) is assessed. The ECSA was 
responded by the double-layer capacitance (Cdl), which derived 
from cyclic voltammetry (CV) by different scan speed from 60 to  

Figure 3. Water splitting performances: a) OER polarization curves. b) Overpotentials at 10 mA cm−2 and the corresponding Tafel slopes with error 
bars. c) Ratios of Δη/Δlog|j| at different current density intervals. d) Comparing the overpotential at 10 mA cm−2 and corresponding Tafel slope with 
other Co or CoOx based electrocatalysts. e) Polarization curves of overall water splitting (inset: the photograph of water splitting device showing gas 
bubbles on the electrodes). f) Long-term durabilities testing by chronopotentiometry.
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140 mV s−1 in a nonfaradic region. The Cdl of Co@NPC-Tfu 
(2.83 mF cm−2) is higher than those of other agaric derived cat-
alysts, indicating that Co@NPC-Tfu owns largest exposed active 
specific area, which is favorable to the OER (Figures S23,S24, 
Supporting Information). Furthermore, Co@NPC-Tfu exhibited 
an excellent turnover frequency (TOF) of 3.21 s−1 at an overpo-
tential of 300  mV and an almost 100% Faradaic efficiency for 
OER (Figures S25,S26, Supporting Information).

To verify the universality of our method, we also prepared Tfu-
derived Ni-N-P implanted porous carbon nanosheets to serve as 
an HER catalyst (Nix@NPC-Tfu, where x represents the concen-
tration of Ni), and all samples of Nix@NPC-Tfu possessed the 
same Ni phase without other crystalline impurities (Figure S27, 
Supporting Information). LSV polarization curves showed that 
Ni@NPC-Tfu has the best HER performance among them even 
much better than Co@NPC-Tfu, with a low overpotential of 
140.3 ± 3.2 mV at current densities of 10 mA cm−2 and a small 
Tafel slope of 98.9 ± 6.2 mV dec−1 (Figures S28,S30, Supporting 
Information). Besides, an overall water electrolysis device was 
constructed with the Co@NPC-Tfu and Ni@NPC-Tfu served as 
the anode and cathode, respectively. Impressively, the electrolyzer 
only needs a cell voltage of 1.53 V, being 100 mV lower than that 
of Pt/C(−)||RuO2(+) and 160  mV lower than that of Co@NPC-
Tfu(−)||Co@NPC-Tfu(+) at 10  mA  cm−2 (Figure  3e). Moreover, 
the electrolyzer of Ni@NPC-Tfu(−)||Co@NPC-Tfu(+) possessed a 
better durability (collapsed by 2.6%) at 10  mA  cm−2 for at least 
24 h, while that of Pt/C(−)||RuO2(+) was reduced by 32.2% at the 
same conditions (Figure 3f).

2.3. In Situ Semi-Oxidation and Electrocatalytic Mechanisms

After 24 h of electrolysis, we found that the cobalt nanoparti-
cles on Co@NPC-Tfu became a core-shell structure (Figure 4a). 
In the HRTEM image, we can clearly see that the lattice fringe 
of the core structure corresponds to (111) facet of Co phase, 
while the lattice fringe of shell structure corresponds to (220) 
facets of Co3O4, the thickness of the cobalt oxide on the outer 
shell was ≈4 nm, and the core diameter was ≈7 nm (Figure 4b). 
After the reaction, the average particle size of the nanoparticles 
is ≈15 nm, being about 50% larger than that of original cobalt 
nanoparticles, which is caused by the lattice expansion after the 
insertion of oxygen atoms.

We further monitored the changes of the electrocatalyst by 
performing quasi-operando PXRD under a constant current 
and different voltages, the results illustrated that the diffraction 
peaks of Co3O4 began to appear after just 1 min galvanostatic 
electrolysis, then the diffraction of metallic cobalt gradually 
weakened, and that of Co3O4 gradually enhanced, till reaching a 
transient stability at 4 min, but metallic cobalt still existed. Fur-
ther prolonging the time of electrolysis, the crystallinity of the 
shell became worse and the peak intensity became weaker due 
to that the oxidation reactions caused more and more structural 
defects and/or disorders on the surface (Figure 4c).[29] Interest-
ingly, the Co3O4 was very easily formed when the voltage is only 
0.2 V from the results of quasi-operando PXRD under constant 
voltage electrocatalysis (Figure S31, Supporting Information). It 
is worth mentioning that the diffraction peaks of cobalt nano-
particles have no significant change with further prolonged 

electrolysis time or increase of the voltage, indicating that the 
cobalt nanoparticles in the inner core was not further oxidized 
after the oxidation reaches an equilibrium, thus forming a 
stable core-shell structure (Figure 4d). In contrast, the smaller 
cobalt nanoparticles on Co0.05@NPC-Tfu were completely 
oxidized to Co3O4 and the larger ones on Co@NPC-Aau(F) 
remained almost no changed except the surface became amor-
phous after the same electrocatalysis (Figure S32, Supporting 
Information). In these two later cases, either poor conductivity 
or low atom utilization would reduce the catalytic activity. Obvi-
ously, an appropriate nanoparticle size should be significant 
to the formation of such a stable core-shell structure, which is 
not only easy to form an oxide shell, but also effectively prevent 
the complete oxidation when the shell has formed. This special 
core-shell structure is beneficial to form new highly active sites 
while maintaining the advantage of high electrical conductivity 
of cobalt nanoparticles.

To deeply understand the electronic effect of the phosphorus-
enriched carbon on the cobalt oxide for OER, operando spectro-
scopic technology and density functional theory (DFT) calcula-
tions were performed to dissect the electrocatalytic mechanism 
of Co@NPC-Tfu. The operando Raman spectra were collected 
during a gradual increase in the potential, to study the activated 
structure.[30] The bands at 191, 484, 523, 620, and 690 cm−1,  
owed to the F2g, Eg, F2g, F2g, and A1g modes typical for Co3O4, 
further confirmed that the surface of Co nanoparticles was 
oxidized to Co3O4 easily by only a voltage of 0.2 V, being well 
consistent with the results of quasi-operando PXRD.[31] At 
the onset of oxygen evolution at ≈0.6 V, an additional band at  
503 cm−1 for the OH stretching mode of CoOH on the 
Co3O4 surface appeared and the intensity increased with rising 
voltage (Figure 5a).[32] After the reaction, the bands of Co3O4 
still existed, but that of hydroxyl disappeared, indicating that 
the structural transformation was reversible, the adsorption of 
hydroxyl was a necessary intermediate process, and there is no 
formation of CoOOH, which is consistent with the previously 
reported results.[33] Furthermore, we recorded the operando 
ATR-SEIRAS (attenuated-total-reflection surface enhanced 
infrared adsorption spectroscopy) of Co@NPC-Tfu during dif-
ferent periods of OER at a constant catalytic voltage of 0.50 V 
versus SCE (Figure  5b).[34] Three peaks at 1087, 1451, and  
1745 cm−1 attributed to PO, CO, and CO, respectively, 
became stronger with time prolongation, indicating an associ-
ated oxidation of the carbon matrixes during OER. It is worth 
noting that the enhancement of the PO bond implied that 
the sp2-type P groups bonded in the carbon would be converted 
to sp3-type POx, which should better regulate the electronic 
structure of the active center. The progressively rising peak of 
OH stretching at 3682 cm−1 indicated the increased surface 
hydrophilicity, as well as the enhanced absorption of water or 
hydroxyl on the catalyst surface.[35]

DFT calculations were further conducted based on periodic 
surface models of pure Co3O4, N-doped carbon modified Co3O4 
(Co3O4@NC), PO, N-codoped carbon modified Co3O4 (Co3O4@
NC-PO), and PO2, N-codoped carbon modified Co3O4 (Co3O4@
NC-PO2 and Co3O4@NC-PO2-b for different N positions), respec-
tively (Figure  5c,d; Figure S33, Supporting Information).[36] 
The surface model based on Co3O4 exhibits di-μ-oxo-bridged 
octahedral metal ions, which similar to the local coordination 
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environment of the active Co site in CoOOH, and the protona-
tion of O  on the surface part to OH have been considered in 
DFT calculations.[37] From the calculated energy profiles, we 
found that the metal sites on Co3O4 surface exhibited stronger 
affinity to the oxygen species,[38] especially for the intermediate 
O* (ΔGO* = 1.635 eV), and then led to the rate-determining-step 
(RDS) of OOH* formation with a rather high energy barrier 
of 1.793 eV. When N-doped carbon was coupled with the metal 
oxide, the ΔGO* can be obviously enhanced to 1.877 eV for easier 
OOH* formation as the RDS decreased to 1.692  eV. Interest-
ingly, the oxygen adsorption was further weakened (ΔGO*  = 
2.296  eV) and the RDS was changed to the formation of O* 
with lower energy barrier of 1.462 eV, when a sp3-PO2 group was 
grafted to the N-doped carbon. However, if the functional group 

was changed to sp2-PO, the RDS energy was, instead, raised up 
due to the weak oxygen affinity. Nevertheless, it was still much 
better than those of Co3O4 and Co3O4@NC (Figure  5c). It is 
worth noting that the positions of heteroatoms had significant 
effects on the activity of the catalysts, and for instance, that the 
N and P atoms connected directly (Co3O4@NC-PO2-b) was not 
as good as that separated by a carbon atom (Co3O4@NC-PO2). 
Through in-depth analyzing the integrated partial density of 
state (PDOS) of Co active site in each catalyst, we found that the 
strength of O* affinity was almost linear with the metal occupied 
state (MOS), which represented the total number of states (elec-
trons) up to the Fermi level (Figure S34, Supporting Informa-
tion) and also reflected the electron density on the metal sites. 
The higher the MOS, the stronger adsorption of O with smaller 

Figure 4. Characterization of the in situ semi-oxidation: a) TEM (insets: particle-size distributions) and b) HRTEM images of Co@NPC-Tfu after OER 
electrocatalysis. c) Quasi-operando PXRD monitoring of Co@NPC-Tfu under constant current with different time. d) Schematic diagram of atomic models 
in perspective view of Co@NPC-Tfu before and after OER electrocatalysis (a small gap of carbon shell and the metal core were opened for clarity).
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ΔGO*. After compositing with the carbon matrix, the MOS has 
decreased to result a weaker O adsorption. This means that elec-
trons would transfer from the metal oxides to the P, N-codoped 
carbon matrix, which can be visualized by the electron density 
difference plot of Co3O4@NC-PO2 (central inset in Figure  5d). 
Moreover, based on the famous Sabatier principle, neither too 
strong nor too weak intermediate-adsorption is conducive to the 
activity. Thus, the MOS can be used as a descriptor to draw a vol-
cano plot for predicting the activity of these composite catalysts 
(Figure  5e). Co3O4@NC-PO2 located close to the volcanic peak 
due to a more balance MOS value compared with those of bare 
Co3O4 and P-free counterpart. These theoretical results were con-
sistent with the XPS and electrocatalytic measurements.

3. Conclusions

In summary, a series of carbon-supported cobalt composite 
materials with controlled morphologies and nanoparticle sizes 
have been synthesized, benefitting from the biodiversity of aga-
rics on compositions, microstructures, as well as surface chem-
ical states. Among them, Co@NPC-Tfu possessed ultrathin 
nanosheets with modest Co particle size of ≈10 nm showed the 
optimum OER performance with overpotentials of 245.7 ± 1.5 mV  
on GCE and 213.6 ± 4.1  on CC at the current density of 
10  mA  cm−2, surpassing the commercial RuO2 and other 
reported Co-based electrocatalysts. HRTEM, quasi-operando 
PXRD, and operando Raman measurements unveiled the self-
reconstruction of cobalt to cobalt oxides on the Co particle sur-
face during OER. The results demonstrated that a judiciously  
selected precursor can help to regulate the size of nanoparti-

cles, which was in favor of ISSO to form a highly active shell 
structure while retaining the high electrical conductivity of the 
metallic core, achieving a stable and synergetic core-shell struc-
ture to greatly facilitate electrocatalytic oxygen evolution. More-
over, operando ATR-SEIRAS and DFT calculations revealed that 
the robust carbon-bonded POx groups, derived from the phos-
phorus source in agaric, can effectively modulate the occupied 
states of the cobalt centers to optimize the adsorption of reac-
tive oxygen intermediate, and further improve the final catalytic 
activity. Besides, Tfu also can be used as a precursor to fabricate 
HER electrocatalyst of Ni@NPC-Tfu for efficient overall water 
splitting with Co@NPC-Tfu, merely delivers low cell voltage 
of 1.53  V at 10  mA  cm−2. Our work not only proposes a low-
cost and scalable method for preparation of porous carbon-
supported metal nanomaterials with controllable morphology, 
but also provides new clue for screening suitable biomass for 
the construction of high-efficiency electrocatalysts.

4. Experimental Section
Material: In this work, 6 varieties of agarics were chosen that were 

common varieties on the market, which were widely grown and 
inexpensive, and suitable for using as raw materials for industry in the 
future. They belong to the same family and have basically the same 
composition, but were produced in different regions in China. Tfu was 
produced in Ningde City, Fujian Province. Aco was produced in Heze 
City, Shandong Province. Both Ani and Aau were produced in Jiaohe City, 
Jilin Province. Aau (F) was produced in Fang County, Hubei Province. 
Aau (Q) was produced in Mudanjiang City, Heilongjiang Province. All 
chemical reagents were purchased from Aladdin and used without 
further purification, except that Nafion was purchased from Macleans. 
KOH reagent used in electrochemical measurement was 99.99% 

Figure 5. Operando spectroscopic investigations and DFT calculations: a) Operando Raman and b) operando ATR-SEIRAS of Co@NPC-Tfu during OER 
electrocatalysis. c) Gibbs free energy profiles for OER of different Co3O4-carbon composite models. d) Electron density difference (the red and green 
regions indicate electron accumulation and depletion, isovalue = 0.05) after the N, P co-doped carbon layer combined with Co3O4 (central inset) and 
OER mechanism with optimal conformations of the Co3O4@NC-PO2 surface model (the hydrogen atoms on the surface have been hided for clarity).  
e) Volcano plot of calculated overpotential and scaling relation between ΔGO* and the occupied states of Co derived from their integrated PDOS profile.
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(semiconductor grade), and the resistivity of ultrapure water used in the 
whole work was ≈18.2 MΩ cm−1.

Preparation of Agaric-Derived Co@NPC and Nix@NPC-Tfu: 10  g 
different varieties of dried agarics were soaked in 400  mL Co(NO3)2 
solution (0.1 m) for 24 h, then immersed in 0.1 m KOH for 24 h. After that, 
the samples were freeze-dried for 48 h with liquid nitrogen treatment. 
Finally, the dried products were pyrolyzed under N2 atmosphere at 
900 °C for 2 h at a heating rate of 5 °C·min−1. The carbonized samples 
were collected and denoted as Co@NPC-Tfu, Co@NPC-Aco, Co@
NPC-Ani, Co@NPC-Aau, Co@NPC-Aau (Q), and Co@NPC-Aau (F), 
respectively. Tfu was also soaked in Co(NO3)2 solution with various 
concentration denoted as Cox@NPC-Tfu (x  = 0.05, 0.2, 0.3, 0.4 m), 
where x represents the molarity of Co(NO3)2 solution. The preparation 
of Nix@NPC-Tfu was synthesized by using Ni(NO3)2 solution instead of 
Co(NO3)2 solution.

Material Characterization: The zeta potential of 6 varieties of agarics 
were characterized by an Omni Zeta Potential Analyzer (Brookhaven, 
USA). The phase structure was analyzed with a Rigaku MiniFlex600 X-ray 
diffractometer (PXRD, 45 kV, 15 mA, CuKα radiation). The morphology 
of the catalyst was characterized by Zeiss SEM and JEM2100F TEM. 
The content of Co and P was determined on the Agilent 7700 ICP-OES. 
The XPS data were collected on the Escalab 250Xi X-ray photo-electron 
spectrometer. Information of molecular structures and chemical 
bonds were determined by FT-IR (Nicolet 6700) and confocal Raman 
spectrometer (Raman, 532  nm excitation wavelength, Thermofisher 
Dxi). Electrochemical operando ATR-SEIRAS was measured by Nicolet 
iS50 equipped with an MCT detector cooled with liquid nitrogen and 
PIKE VeeMAX III variable angle ATR sampling accessory. Operando 
Raman was performed by Renishaw inVia with a wavelength of 532 nm, 
a 1800  g  mm−1 grating, and an integration time of 30 s. AFM was 
conducted on Bruker Dimension ICON. Nitrogen sorption isotherms 
at 77 K were measured on Micrometrics ASAP2020 Plus instrument. In 
order to remove the remnant guest molecules, each sample (≈100 mg) 
was placed in the quartz tube and heated under high vacuum at 
150 °C before sorption experiments. The specific surface areas and the 
corresponding pore size distribution curves were calculated using the 
BET and the Barrett–Joyner–Halenda method, respectively.

Electrochemical Measurement: Electrochemical workstation 
(CHI760E A19012b) was utilized to perform all electrochemical tests 
in 1.0 m KOH solution with a classic three-electrode system for both 
OER and HER, and the two-electrode system for overall water splitting. 
The electrolyte was purged with N2 for 1 h to remove the dissolved 
gases completely before the electrochemical measurements. Both OER 
and HER tests were used saturated Hg/HgO electrode as the reference 
electrode, and a GCE coated with catalyst as working electrode. 
Platinum plate was used as counter electrode for OER, while carbon 
rod was used as counter electrode for HER. 5  mg of each catalyst, 
30  µL of Nafion solution (10%), and 300  µL of water/isopropanol 
(V/V =  1:1) were mixed by ultrasonic for 1 h to prepare a catalyst ink, 
and 5 µL of ink was evenly spreaded onto a cleaned GCE (diameter of 
3 mm). After carried out several cycles of CV tests on each electrode to 
initially activate the catalyst and make it reach a steady state, the LSV 
was used to study the linear polarization curve of the catalyst with a 
sweep rate of 10 mV s−1, while a 90% iR correction was performed. The 
potential was calibrated against to the reversible hydrogen electrode 
(RHE) (ERHE = E + EHg/HgO + 0.0591 × pH). EIS was measured within a 
frequency scan range from 0.01 Hz to 100 kHz. 50 µL of above catalyst 
ink was also dropped on CC (0.4 cm2) as working electrode to carry the 
OER, overall water electrolysis and durability test in 1.0 m KOH (mass 
loading of catalyst was 0.75 mg cm−2). The TOF values were calculated 
using the following equation: TOF = jA/(4 × F × n), where j, A, F, and 
n represent the current density, area of the electrode, faraday constant 
(96 485 C·mol−1), and moles of catalysts, respectively. The actual yield 
of O2 used in Faraday efficiency calculation was measured on a gas 
chromatography (Nexis GC-2030).

Computational Methods: The geometry optimizations, energy, and 
property calculations were all performed by spin-polarized density 
functional theory (DFT) with plane wave pseudo-potential method, 

as implemented in the Cambridge Sequential Total Energy Package 
(CASTEP) module integrated in Materials Studio. The OTFG ultrasoft 
pseudo-potentials and the Perdew–Burke–Ernzerhof within the 
generalized gradient approximation were selected to describe the 
exchange–correlation functional. The plane-wave energy cut-off was 
chosen as 30 Ry, and the Brilliouin zone was sampled using k-points 
with 0.07 and 0.025 Å−1 spacing in the Monkhorst–Pack scheme for the 
geometry optimization and property calculation, respectively. Co3O4 and 
graphite crystal structures were adopted to build the periodical surface 
models. The (220) crystal facet was used in this work for simulating the 
exposed surface of Co3O4, which was observed in the PXRD and HRTEM 
results. A vacuum slab of 15 Å was added to isolate the interaction 
between periodic layers. The convergence criteria for the stress, self-
consistent field iterations, atomic displacement, forces, and total energy 
were set to 5 × 10−2 GPa, 1 × 10−6 eV atom−1, 1 × 10−3 Å, 3 × 10−2 eV Å−1, 
and 1 × 10−5 eV atom−1, respectively.

Adsorption energies of the OER intermediates (ΔEi, i = OH*, O*, and 
OOH*) were calculated as the following formulas:

1/2OH OH H O H2 2( )∆ = − − −∗ ∗ ∗E E E E E  (1)

O O H O H2 2
E E E E E( )∆ = − − −∗ ∗ ∗  (2)

2 3/2OOH OOH H O H2 2( )∆ = − − −∗ ∗ ∗E E E E E  (3)

where, E represents the total energy derived from the above DFT 
calculations, and * denotes an active site of the catalyst. The Gibbs 
free energies of the OER intermediates (ΔGi, i  = OH*, O*, and 
OOH*) were calculated through corrected the adsorption energies 
with zero point energy (ZPE) and entropy (TS), using the formula: 
ΔGi = ΔEi + ΔZPEi − TΔSi.
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