Open Access Article. Published on 21 September 2022. Downloaded on 8/1/2025 10:29:10 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of

Materials Chemistry A

#® ROYAL SOCIETY
PPN OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: J. Mater. Chem. A, 2022, 10,
21659

Received 5th June 2022
Accepted 20th September 2022

DOI: 10.1039/d2ta04482j

Tailoring charge reconfiguration in dodecahedral
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catalysist
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Simultaneously tuning the electronic structure of active sites and the microenvironment of the carbon
matrix in metal phosphide/carbon nanohybrids is the most effective way to design and develop bi-
functional electrocatalysts for electrochemically related energy storage devices. Inspired by this, a robust
and advanced N/P co-doped carbon-based dodecahedron catalyst with confined Fe-doped Co,P
particles was successfully prepared through a multi-doping engineering strategy. Phytic acid molecules,
which were used in the synthesis of the catalyst, not only contribute to the formation of the porous
structure, but also act as a phosphorus source to form the corresponding metal phosphide and the P
dopant in the carbon matrix. Thanks to the uniqgue composition and structure-dependent merits, the
microenvironment of the electrocatalyst was significantly modulated, thus promoting the advantageous
local charge rearrangement and smooth mass/charge transfer processes during the oxygen-related
electrocatalytic reactions. As a result, the resultant catalyst exhibited significantly enhanced reversible
oxygen activity, as evidenced by an ultra-small potential gap of 0.655 V (half-wave potential of 0.895 V
for the oxygen reduction reaction; ni9 of 320 mV for the oxygen evolution reaction), a remarkable
specific capacity of 762 mA h g% and high voltaic efficiency, exceeding most previous reports. This
study provides a new synthetic approach for fabricating highly efficient bi-functional oxygen catalysts
and can be handily extended to the synthesis of other heterogeneous electrocatalysts for sustainable

rsc.li/materials-a energy storage.

Introduction

Because of the ever-increasing environment-related concerns
and explosive growth of worldwide energy demand, developing
sustainable energy materials and green nanotechnology to
construct fuel cells, metal-air batteries, and electrolytic water
systems has attracted global attention."* Particularly, the Zn-air
battery (ZAB) has been demonstrated as a promising technology
to meet the requirement of future energy conversion equipment
owing to its widely recognized advantages of high theoretical
energy density, low material cost, environmental friendliness,
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and reliable security.> As the key reactions in rechargeable ZAB
devices, the oxygen reduction reaction (ORR) during discharge
and the oxygen evolution reaction (OER) during charge are
pivotal for the whole electrocatalytic process.® Nevertheless, the
sluggish dynamics for the ORR and OER cause adverse polari-
zation loss, so an efficient catalyst to speed up these reactions
has been a central issue.”® Although noble-metal materials,
such as Pt-based catalysts and RuO,, have long been regarded as
benchmarks for catalyzing the ORR and OER, respectively, they
suffer from the disadvantages of single catalytic activity, high
cost, and poor cycle stability. Within this context, it is of prac-
tical value to design a highly efficient and durable bi-functional
ORR-OER catalyst for ZABs.* ™

Recently, carbon/transition-metal phosphide (TMP) nano-
hybrids with nanoconfinement structures have received exten-
sive and continuous interest because of their unique features of
spatial confinement and functional integration, thus making
them attractive for potential utilization in energy-related elec-
trocatalysis areas.''® Many early studies have demonstrated
that constructing these N-doped carbon (NDC) frameworks with
confined phosphide-based moieties represents a feasible
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strategy to fine-tune the electronic interactions between the
embedded metal phosphide particles and their adjacent
carbon-based substrates, thereby enhancing the intrinsic
activities of the catalysts.”*® Taking cobalt phosphide as an
example, Liu and co-workers reported a highly efficient and
durable tri-functional electrocatalyst comprised of Co,P nano-
particles and the carbon matrix."” Theoretical simulations
showed that Co,P exhibited a favorable density of states around
the Fermi level.”” As a consequence, it was concluded that
a possible synergetic catalysis effect and promoted electron-
transfer at the interface between the Co,P component and
carbon skeleton could greatly optimize the activity of this hybrid
catalyst.

Despite these breakthroughs, the further improvement of
the electrocatalytic ORR-OER efficiency of these TMP-based
catalysts is tremendously impeded by their inherent physical
and chemical characteristics, including adverse electro-
conductibility, unsatisfactory local electronic structure, and the
consequent undesirable adsorption/desorption energy barriers
of reaction intermediates.” To conquer these bottlenecks,
foreign metal elements can be incorporated into the micro-
structure of TMPs to effectively tailor the electronic structure of
the host catalyst, thereby realizing the optimization of catalytic
performance at the atomic scale.’®*® On the other hand, it is
generally believed that the derived metal-N moiety that existed
in the NDC skeleton serves as the true ORR active site due to the
strong coordination ability of nitrogen.*'-** However, recent
studies have demonstrated that the nitrogen atom around the
metal center may lead to unsuitable free energy for the
adsorption of intermediates owing to its excessive electronega-
tivity.>* Predictably, this non-optimal adsorption behavior
deteriorates the kinetic activity and thus hinders the activity
improvement.* Actually, the adsorption strength of the inter-
mediate product at the catalytic center can be tuned by opti-
mizing the microenvironment of the metal atom to reduce the
potential barriers, thereby contributing to elevated catalytic
efficiency.”® Because of its relatively weak electronegativity,
incorporating phosphorus into the NDC framework seems to be
a promising pathway to regulate the electronic structure of the
metal-N moiety.>” Theoretically, the alien phosphorus atom can
tailor and boost the kinetic activity of the active site by availably
regulating the electron-withdrawing and donating properties.*®
Expectedly, this unique compositional and structural design,
featuring Co,P component intercalation into the N/P co-doped
carbon matrix, can provide efficient electrocatalytic activity
towards ORR and OER processes.

Encouraged by these features, we herein report the
successful synthesis of a N/P co-doped carbon porous dodeca-
hedron catalyst with confined Fe-doped Co,P nanoparticles via
the sequential etching-coordination-phosphorization process
using the Zn/Co-ZIF dodecahedron as the precursor, iron ion as
the dopant, and phytic acid as the etching agent and phos-
phorus source. Benefitting from the synergistic effect between
the Fe-doped Co,P component and porous conductive N/P co-
doped carbon dodecahedron, the optimized Fe-Co,P@NPDC
nanohybrid delivered excellent oxygen-related catalytic perfor-
mances in an alkaline medium, with a notable half-wave

21660 | J Mater. Chem. A, 2022, 10, 21659-21671

View Article Online

Paper

potential of 0.895 V for ORR and a small OER overpotential of
320 mV for 10 mA cm > (here, N/P co-doped carbon is termed as
NPDC). Beyond that, the rechargeable ZAB device assembled
with the Fe-Co,P@NPDC catalyst exhibited high voltaic effi-
ciency and remarkable long-term durability, exceeding those of
the advanced Pt/C-RuO, pair-based air-electrode. Therefore, our
discovery affords a feasible strategy for the controllable
synthesis and activity regulation of TMP-based bi-functional
ORR-OER electrocatalysts for energy applications.

Experimental section

Preparation of Zn/Co-ZIF dodecahedrons

Typically, 0.2854 g of Zn(CH;COO),-2H,0, 0.0324 g of
Co(CH3C00),-4H,0, and 1.12 g of 2-methylimidazole were
added into 10 mL of deionized water. After 24 h of aging, the
product was taken out and washed with deionized water, fol-
lowed by drying at 55 °C for 12 h. For the preparation of Zn-ZIF
dodecahedrons, the synthesis method was the same as above,
except that the corresponding cobalt source was missing.

Preparation of E-Zn/Co-ZIF dodecahedrons

0.15 g of Zn/Co-ZIF dodecahedron was dispersed into 25 mL of
phytic acid solution (0.0006 M), followed by heating at 90 °C for
3 h. Finally, the product was washed with deionized water, and
then dried at 55 °C for 12 h. For the preparation of E-Zn-ZIF
porous dodecahedrons, the synthesis method was the same as
above, except that an equal amount of Zn-ZIF was used instead
of Zn/Co-ZIF.

Preparation of E-Zn/Co-ZIF-Fe dodecahedrons

10 mg of Fe(NOj3);-9H,0 was added into 20 mL of a methanol
solution containing 0.087 g of E-Zn/Co-ZIF. After stirring for
24 h, the product was washed with deionized water, and then
dried at 55 °C for 12 h. In order to regulate the amount of Fe-
doping in the product, three other control samples were
prepared using the same synthesis strategy, except that the
amount of introduced Fe source was 0, 5, and 15 mg,
respectively.

Preparation of Fe-Co,P@NPDC dodecahedrons

0.08 g of E-Zn/Co-ZIF-Fe was treated at 600 °C for 1 h and 920 °C
for 2 h with a heating rate of 3 °C min~" under a N, atmosphere
(Anhui Kemi Machinery Technology Co., Ltd). The same pyrol-
ysis process was used for the synthesis of the other samples,
except that the precursor to be calcined was different.

For other experimental information, such as the used
reagents, characterization methods, and electrochemical
testing, please see ESL.T

Results and discussion

Composition and morphology characterization of the Fe-
Co,P@NPDC catalyst

The brief synthesis strategy of the Fe-Co,P@NPDC catalyst is
schematically depicted in Fig. 1a. First, the Zn/Co-ZIF precursor

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 (a) The formation procedure, (b, c) XRD patterns, and (d—i) XPS spectra of the Fe-Co,P@NPDC product.

was prepared by self-assembly of metal ions (Co®" and Zn>*) and
the 2-methylimidazole ligand through a mild liquid precipita-
tion method.”® After phytic acid etching, many holes were
created on the surface of the Zn/Co-ZIF dodecahedron. In
addition, due to the porous feature of the precursor, some of the
phytic acid molecules could be captured, which might act as
a phosphorus source in the subsequent pyrolysis process.*
Third, the resulting porous Zn/Co-ZIF polyhedron was ultra-
sonically dispersed in an aqueous solution containing iron ions,
followed by a high-temperature calcination treatment. During
this process, the P-O chemical bond could be reduced at high
temperatures to release phosphorus, thus producing the final
product of the Fe-Co,P@NPDC catalyst through an in situ
phosphorization and doping process.*® The morphology and
composition of the Zn/Co-ZIF dodecahedron were investigated
by X-ray diffraction (XRD), energy-dispersive X-ray spectroscopy
(EDS), and scanning electron microscopy (SEM). As shown in
Fig. S1af, the XRD pattern of the produced precursor exhibits
obvious signals, which is in line with the simulated pattern of
pure ZIF-8, thus indicating that the Co-doping process hardly

This journal is © The Royal Society of Chemistry 2022

changes the crystal structure of the ZIF-8 material.>* The cor-
responding EDS spectrum confirms the successful doping of Co
ions, as evidenced by the characteristic signals of four compo-
sitional elements of Zn, Co, C, and N (Fig. S1bt). The presence
of oxygen can be attributed to carbon dioxide adsorbed on the
product surface.*® The SEM images displayed in Fig. Sic and
df reveal that the as-prepared product is comprised of many
uniform Zn/Co-ZIF dodecahedrons with a size distribution in
the range of 400-500 nm. After being etched in phytic acid
solution, the product still maintains its original phase and
morphology, except that many nanosized holes are formed on
the surface of the polyhedron (Fig. S2a-e).t Interestingly, the
characteristic signal of the P element can be identified in the
EDS spectrum, as demonstrated in Fig. S2f,f presumably due to
the substitution of 2-methylimidazole by phytic acid mole-
cules.®® The subsequent Fe-loading step produced a corre-
sponding E-Zn/Co-ZIF-Fe sample. As revealed in Fig. S3,f it is
concluded that the expected iron ions are uniformly distributed
in the dodecahedron structure, thus creating convenient
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conditions for subsequent Fe-doping into the crystal structure
of the Co,P matrix.

The subsequent calcination procedure converted E-Zn/Co-
ZIF-Fe dodecahedrons into the desired Fe-Co,P@NPDC
product. The XRD analysis in Fig. 1b shows pure Co,P diffrac-
tion peaks with an orthorhombic phase (ICDD 01-089-3030). No
other irrelevant characteristic signals of iron- or cobalt-based
materials are identified, implying the phase purity of the
product. If examined carefully, the diffraction peaks of the Fe-
Co,P@NPDC catalyst shift towards lower angles compared to
the Co,P@NPDC sample and standard card (Fig. 1c), which may
be attributed to the lattice expansion of the Co,P matrix caused
by the doping of iron with a slightly larger radius.**¢ Fig. S4at
illustrates the presence of these five compositional elements
(e.g., Co, Fe, P, C, and N), and the calculated molar ratio of Co/Fe
in the as-developed Fe-Co,P@NPDC is determined to be
approximately 4.4 : 1. Next, the Raman spectrum was recorded
to obtain structural information about the carbon component
in the product. As depicted in Fig. S4b,T two dominant signals
at 1350 and 1600 cm ™' assignable to the representative D- and
G-bands of carbon can be identified.”” The large I4/I, value of
1.03 reveals abundant structural defects in the carbon matrix,
which may be related to heteroatom doping, thus providing rich
active sites for the oxygen-involved catalytic reactions through
the fine-regulation of the local electronic and geometric struc-
tures in the derived carbon frame.*® Moreover, the remaining
two small signals at 1190 and 1500 cm ™' correspond to the
carbon atoms outside of a perfectly planar sp> carbon network
and heteroatoms in carbon layers or integrated five-number
rings, respectively.®® It is noted that the decent Raman peak
located at 1500 cm™" in the Fe-Co,P@NPDC catalyst further
confirms the expected hetero-element doping and the derived
irregular carbon structure (Fig. S4b-g),f which may in turn
significantly enhance the interaction between the oxygen
species and the catalyst surface and thereby accelerate the
electrocatalytic reaction kinetics, matching well with the
previous findings.*

X-ray photoelectron spectroscopy (XPS) was conducted to
probe the surface composition and electronic state of the Fe-
Co,P@NPDC sample. The full survey displayed in Fig. 1d reveals
the presence of carbon, nitrogen, oxygen, iron, cobalt, and
phosphorus compositional elements, confirming the doping of
iron species into the Fe-Co,P@NPDC system, compatible with
the results of XRD and Raman analyses. Fig. 1e illustrates the
narrow scan image of the Co 2p;, region, and four peaks
located at 778.6, 780.0, 782.1 and 785.9 eV can be assigned to
the Co-P bond, Co-N moiety, Co>" oxidized species, and the
associated shake-up satellite, respectively.**~** The formation of
the Co-N bond should be related to the nitrogen element with
a strong coordination function in the carbon matrix, which can
produce the desired Co-N active site with the adjacent metal
center to catalyze the ORR process.** In comparison with the
binding energy of the zero-valence state of cobalt (778.1-778.2
eV) reported recently, the cobalt component in the Co-P bond
exhibits a partial positive charge (Co®", 0 < 6 < 2), presumably
due to the electron transfer from the Co domain to P or N
regions.* With regard to the Fe 2p;, profile, four sub-bands at
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707.7, 711.2, 714.3, and 720.2 eV match well with the Fe-N
bond, Fe**, Fe**, and its satellite peak, respectively, as revealed
in Fig. 1f.** The appearance of relatively weak Fe-N signals
suggests that nitrogen atoms in the carbon matrix can also form
ORR-active metal-N active centers with trace iron, presumably
consistent with the formation mechanism of Co-N bonds. No
characteristic signal of iron phosphide is observed, thus further
demonstrating the successful incorporation of iron ions in the
Co,P core of Fe-Co,P@NPDC product, matching well with the
previous report.** The formation of Fe**-related species can be
attributable to the reduction of Fe** to Fe** during the thermal
phosphorization process, consistent with the most recent
results recorded in the literature.*® The high-resolution P 2p
spectrum can be deconvoluted into three separated signals with
binding energies at 129.5 eV for metal-P, 132.1 eV for P-C, and
133.4 eV for the P-O bond (Fig. 1g).* The obvious metal-P peak
signifies the formation of the Co,P phase and the presence of
the P-C bond indicates the phosphorus-doped nature of the
carbon framework.* Particularly, the Co signal of Co-P (778.6
eV) in Fe-Co,P@NPDC is shifted slightly towards higher
binding energy, compared with that in Co,P@NPDC (778.3 eV
in Fig. S77). As for phosphorus, the movement direction of the
P-metal bond is opposite (129.5 eV of Fe-Co,P@NPDC vs.
129.8 eV of Co,P@NPDC). This phenomenon probably origi-
nates from the charge redistribution by the introduction of iron
ions, which may play a pivotal role in tailoring the electronic
environment of catalytic sites.”® Note that the existence of
oxidized species in as-developed phosphide-based -electro-
catalysts is a common phenomenon, perhaps due to the inevi-
table oxidation of the surface caused by exposure to air,*> which
can be further demonstrated by the oxygen signal in Fig. 1d. The
high-resolution C 1s scan in Fig. 1h exhibits main peaks at
284.6, 285.4, 285.9, and 286.6 €V, assignable to C-C/C=C, C-P,
C-N, and C-O bonds,* respectively, verifying the structural
features of N/P co-doped carbon materials. The N 1s spectrum
(Fig. 1i) displays several peaks at 398.3 (pyridinic-N, 34.65%),
399.1 (metal-N, 20.13%), 400.4 (pyrrolic-N, 23.40%), 401.0
(graphitic-N, 11.84%) and 402.5 eV (oxidized-N, 9.98%).>* In
addition to the high content of metal-N sites for possible ORR
activity, it is documented that pyridinic- and graphitic-N species
can effectively enhance the conductivity of the electrocatalyst
and thus accelerate the involved electrocatalytic process.>® As
a consequence, diversified N-doping collectively promotes the
electrocatalytic efficiency of the Fe-Co,P@NPDC sample.
Besides, the observed metal-N bond as discussed above indi-
cates the positive interactions between the phosphide phase
and the NPDC matrix, allowing improved charge-transfer to
maintain efficient oxygen-related catalysis.*?

Fig. 2a and b depict the SEM images of the well-managed Fe-
Co,P@NPDC product, which clearly show that the morphology
of this sample hardly changes after the thermal phosphoriza-
tion, and still maintains a satisfactory rhombic dodecahedron
geometry similar to that of its precursor. The size of this particle
is slightly reduced to approximately 410 nm. Apart from that,
careful observation reveals that this polyhedron exhibits
arough surface with many nanoporous structures. Both of these
subtle structural evolutions may be ascribed to the phytic acid

This journal is © The Royal Society of Chemistry 2022
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Fig. 2

etching in the preparation steps and abundant gas products
generated during the high-temperature treatment.>® Perceiv-
ably, this delicate nanoporous structure contributes to the
transport kinetics of electrolytes and thus effectively accelerates
the mass exchange during electrocatalytic ORR/OER
processes.”” For a detailed examination, a transmission

This journal is © The Royal Society of Chemistry 2022

View Article Online

Journal of Materials Chemistry A

s

Intensity (a.u.)

0?5 1‘0 1?5 2:0
Position (nm)

(a and b) SEM, (c) TEM, (d) HRTEM, (e—j) elemental mapping images of the well-regulated Fe-Co,P@NPDC electrocatalyst.

electron microscopy (TEM) image of the Fe-Co,P@NPDC
demonstrates that this polyhedral nanoarchitecture exhibits
loose and porous features with abundant particles embedded in
the carbon matrix and some carbon nanotubes decorated on its
surface (Fig. 2c). The typical structural characteristic of the
nanoparticle embedded in a carbon nanotube indicates that the
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growth and graphitization process of a carbon nanotube may
follow the metal-catalyzed mechanism.*® This in situ grown
carbon nanotube can indeed accelerate the mass/charge trans-
port, thus affording efficient ORR/OER performance for
reversible ZAB devices.* The high-resolution TEM image ob-
tained from the nanoparticle domain exhibits a well-resolved
fringe spacing of 0.209 nm, which can be assigned to the
(211) plane of the orthorhombic Co,P component (Fig. 2d). The
slightly increased interplanar spacing may be attributed to the
lattice expansion caused by iron doping.** Elemental mapping
images reveal that the embedded nanoparticles are comprised
of three constituent elements of Co, Fe, and P, thus demon-
strating the Fe-Co,P component (Fig. 2e-h). The remaining C
and N elements depict the homogeneous distribution
throughout the whole rhombic dodecahedron, as evidenced in
Fig. 2i and j. Moreover, the doped P element imparted by phytic
acid in the carbon matrix also contributes to the phosphorus
signal as desired.*® Based on these findings, it is noted that the
Fe-Co,P@NPDC product with a well-maintained dodecahedron
shape, porous structure, nano-sized Fe-Co,P active unit, and
conductive NPDC frame can be easily fabricated via the
sequential etching-coordination-phosphorization process.

ORR performance of the Fe-Co,P@NPDC catalyst

To disclose the essential factors of the elevated performance of
the Fe-Co,P@NPDC catalysts, five other contrast samples were
also prepared according to similar synthetic steps. In our case,
the Fe-Co,P component was successfully intercalated on the
carbon-based support. Therefore, the Zn-ZIF dodecahedron was
selected as the precursor to synthesize the corresponding NDC
support, which can prove the role of the carbon skeleton in the
catalytic activity (Fig. S5T). With this in mind, Zn-ZIF polyhedra
were then etched and doped with phytic acid to produce the
NPDC matrix, thus elucidating the intrinsic correlation between
its missing Fe-Co,P component and electrocatalytic efficiency
(Fig S6T). The effect of Fe-doping on the electrochemical
performance can be determined by synthesizing the corre-
sponding undoped sample of Co,P@NPDC (Fig. S71). Lastly,
two samples with different Fe contents (Fe-Co,P@NPDC-1 and
Fe-Co,P@NPDC-2) were also synthesized accordingly to eluci-
date the effect of different amounts of Fe-doping (Fig S8-S117).
Relevant experimental results are documented in the ESL{
The porous nanostructure, conductive carbon-based frame-
work, and optimized Fe-Co,P catalytic centers make the as-
designed Fe-Co,P@NPDC electrocatalyst a qualified substitute
for commercial electrocatalysts. As a proof-of-concept, the ORR
activity of the as-fabricated samples was first examined in
oxygen-saturated 0.1 M KOH solution through cyclic voltam-
metry (CV) plots. As stated in Fig. 3a, Fe-Co,P@NPDC displays
a positive ORR peak potential at 0.918 V and strong cathodic
current, exceeding that of Fe-Co,P@NPDC-1 (0.893 V), Fe-Co,-
P@NPDC-2 (0.895 V), Co,P@NPDC (0.870 V), NPDC (0.844 V)
and NDC (0.813 V), thus implying its optimal catalytic efficiency
among all materials.®>** Linear scan voltammetry (LSV) plots
further verify the best ORR catalytic activity of Fe-Co,P@NPDC
(Fig. 3b), exhibiting a notable onset potential (Egpsec = 1.059 V),
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excellent half-wave potential (E;, = 0.895 V) and boosted
diffusion limited current density (j = 5.79 mA cm™?). These
important index parameters have great advantages compared to
those of Fe-Co,P@NPDC-1 (Eqpser = 1.056 V; Ey ), = 0.889 V; j =
4.30 mA cm?), Fe-Co,P@NPDC-2 (Egpsee = 1.058 V; Eyjp =
0.890 V; j, = 5.07 mA cm ™ 2), CO,P@NPDC (Egpsec = 1.019 V; Ey )5
= 0.870 V; j, = 4.12 mA cm ™ 2), NPDC (Egnger = 0.996 V; Ey/, =
0.817 V; ji, = 4.03 mA cm™2), NDC (Eopset = 0.966 V; Eyjp =
0.803 V; ju = 3.53 mA cm 2), Pt/C electrocatalysts (Eopset =
1.025 V; j, = 5.30 mA cm ™%, E;;, = 0.835 V), and other docu-
mented catalysts (Table S1}). Compared with two carbon-based
frameworks of NDC and NPDC materials, the promoted ORR
activity of Fe-Co,P@NPDC suggests that the metal phosphide
component acts as an active site during the oxygen reduction
process.® The worse catalytic efficiency of NDC than NPDC (E;,
»: 0.817 vs. 0.803 V) confirms that the introduction of the P-
dopant into the NDC matrix can optimize its electronic struc-
ture, thus having a certain positive effect on the improvement of
ORR performance.** As expected, the Co,P@NPDC delivers
superior electrocatalytic activity to that of NPDC, benefiting
from the construction of phosphide active groups in an opti-
mized carbon-based skeleton. However, due to the lack of
reasonable charge rearrangement induced by Fe-doping, its
intrinsic activity is inferior to that of the doped samples.
Compared with Fe-Co,P@NPDC-1 (Co/Fe = 5.2:1) and Fe-
Co,P@NPDC-2 (Co/Fe = 3.7 :1) samples, the firstrank ORR
performance of Fe-Co,P@NPDC (Co/Fe = 4.4 : 1) demonstrates
that rational iron doping can achieve an optimized distribution
of local charges and in turn modulates the electronic interac-
tions of the catalyst with key oxygen species (*OOH, *O, and
*OH), thus ultimately accelerating the kinetic process of the
catalytic reaction.®® Furthermore, the most advantageous M-N
content in the Fe-Co,P@NPDC sample is also an important
factor for its optimal ORR activity (Table S27).

In general, the Tafel slope represents the charge-transfer
ability of the electrocatalyst during the electrochemical
processes.®® A smaller Tafel slope indicates a lower over-
potential required to maintain a certain current density, thus
leading to better electrocatalytic activity.”” As displayed in
Fig. 3c, the as-obtained Fe-Co,P@NPDC yields the lowest Tafel
slope of 91 mV dec”' among all the catalysts and the
commercial Pt/C sample, thus suggesting its most favorable
reaction kinetics to activate an efficient ORR process. Based on
the measured LSV plots with different rotation speeds
(Fig. S12t), the electron transfer number (n) of the Fe-Co,-
P@NPDC product is calculated to be ~4 by using eqn (1)
(Koutecky-Levich equation) and eqn (2) (Fig. 3d and the ESI
Sectiont), demonstrating a typical four-electron reaction
mechanism towards the ORR.*** Expectedly, this champion
catalyst also affords a decent value of j;, and the current
measured from the Pt ring corresponding to the contribution of
hydrogen peroxide production is nearly ignorable according to
eqn (3) (see the ESI Sectiont), thereby indicating that the major
product in the ORR process is OH ™ species. The tolerance of the
Fe-Co,P@NPDC catalyst to the poisoning effect of fuel mole-
cules was also studied.”” When methanol was added to the
electrolyte, the Fe-Co,P@NPDC electrode remained largely

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 ORR performances: (a) CV curves (solid line: O-saturated 0.1 M KOH solution; dotted line: N,-saturated 0.1 M KOH solution), (b) LSV
(1600 rpm), and (c) Tafel plots; (d) H,O, yield with the Fe-Co,P@NPDC catalyst (inset: electron transfer number of n). OER performances: (e) LSV,
(f) Tafel, and (g) Nyquist plots; (h) long-term stability testing with the Fe-Co,P@NPDC catalyst at a current density of 10 mA cm™—2. (i) ORR/OER
LSV curves of as-developed catalysts and the coupling of Pt/C and RuO,. Notes: (red) Fe-Co,P@NPDC, (pink-purple) Fe-Co,P@NPDC-1, (light
green) Fe-Co,P@NPDC-2, (sky blue) Co,P@NPDC, (dark purple) NPDC, (orange) NDC, (black) Pt/C, and (navy blue) RuO..

immune to the effect of methanol oxidation with only a weak
current decay (Fig. S13at). In contrast, the Pt/C catalyst exhibits
high sensitivity to methanol, manifesting a dramatic current
decrease. To satisfy the standards for industrial utilization, the
stability of the Fe-Co,P@NPDC catalyst was measured by
a chronoamperometric method. Impressively, this well-
designed product can maintain its excellent ORR activity
during 20 h of continuous operation with 5.3% decay of the
original current density, much better than that of the Pt/C
electrode (37.7% of decrease), as demonstrated in Fig. S13b.T
Fig. S13ct illustrates the LSV plots of this sample before and
after the long-term durability test.”* The weak difference
between these two polarization curves further confirms the
excellent stability of the Fe-Co,P@NPDC catalyst. After the long-
term test, it can be easily observed that the microscopic

This journal is © The Royal Society of Chemistry 2022

morphology, valence state (Fe, Co and P) and chemical
composition of the catalyst do not change significantly
(Fig. S13d-gt), which may be attributable to the reductive
environment in the ORR process and the robust protective
carbon matrix.>*” However, the Raman spectrum shows that the
catalyst surface is partially oxidized after the ORR stability test,
probably related to the strong alkaline corrosive electrolyte
(Fig. S13ht).

OER performance of the Fe-Co,P@NPDC catalyst

The Fe-Co,P@NPDC catalyst also affords remarkable OER
activity, thus providing an essential pairing reaction for the
subsequent construction of a reversible ZAB device. The LSV
plots in Fig. 3e suggest that the well-managed phosphide-based
nanohybrid displays a decent overpotential of 320 mV at 10 mA
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cm 2, superior to that of Fe-Co,P@NPDC-1 (350 mV), Fe-Co,-
P@NPDC-2 (334 mV), Co,P@NPDC (419 mV), NPDC (negli-
gible), NDC (negligible), and other reported catalysts (Table
S17). Although the overpotential of the Fe-Co,P@NPDC product
at a current density of 10 mA cm ™ is slightly higher than that of
RuO,, the resulting current density increases rapidly as the
operating voltage continues to rise, thus quickly showing an
obvious advantage over the comparative noble-metal catalyst.
Unsurprisingly, two samples with the worst OER activity are
NDC and NPDC, indicating that the active sites of the OER
process are contributed by the metal phosphide moiety. Similar
to the ORR situation, the electronic structure modulation of the
Co,P component by Fe-doping and the optimal regulation of the
microenvironment of the carbon matrix by the P doping
synergistically enhance the OER activity of the Fe-Co,P@NPDC
catalyst. As displayed in Fig. 3f, the corresponding Tafel slope
demonstrates that the Fe-Co,P@NPDC sample exhibits the
lowest Tafel slope (61 mV dec™ "), suggesting its highest charge-
transfer rate during the OER process.”””’* Moreover, electro-
chemical impedance spectra depicted in Fig. 3g further reveal
that the Fe-Co,P@NPDC sample delivers the smallest charge-
transfer resistance than those of Fe-Co,P@NPDC-2, Fe-Co,-
P@NPDC-1, Co,P@NPDC, NPDC, and NDC, which demon-
strates that the porous carbon nanocage with the embedded Fe-
Co,P component is beneficial for charge-transfer during the
OER process.”

The turnover frequency (TOF) test is an important descriptor
for measuring the intrinsic activity of catalysts.” The relevant
measurement methods are described in ESL{ Obviously, this
Fe-Co,P@NPDC product yields the topmost TOF value (47.58
s~ 1) with an operating voltage of 1.68 V (Fig. $141), surpassing
those of Fe-Co,P@NPDC-1 (8.73 s~ ), Fe-Co,P@NPDC-2 (22.28
s 1), Co,P@NPDC (1.01 s~ '), NPDC (0.08 s~ '), and NDC (0.005
s™1), coinciding with the trend of their electrocatalytic activity.
Besides, the double layer capacitance (Cg4), which is propor-
tional to the electrochemical active surface area (ECSA), is
calculated by measuring the cyclic voltammetry (CV) plots at
different scan speeds in the non-faradaic potential window.”
Compared with five reference samples, the resulting Fe-Co,-
P@NPDC delivers the highest Cq4, value. Therefore, the above
findings both prove that this champion catalyst possesses
abundant active sites with high-quality to catalyze the oxygen-
related catalytic reactions (Fig. S15t). Interestingly, Fe-Co,-
P@NPDC exhibits a larger specific surface area (637.47 m* g™ )
than Fe-Co,P@NPDC-2 (587.56 m”> g~ '), Fe-Co,P@NPDC-1
(566.38 m”> g7 "), and Co,P@NPDC (595.26 m> g~ '), but it is
much lower than that of NPDC (863.86 m”> g~ ') and NDC (927.36
m? g~ "), as demonstrated in Fig. $16.} Therefore, for the four
metal-based catalysts, the enhanced specific surface area
contributes to efficient electrocatalytic reactions. But for the two
metal-free samples (NPDC and NDC), the lack of the necessary
high-quality catalytic centers makes them inert to the ORR and
OER processes. As displayed in Fig. S17,T the theoretical and
experimental amounts of oxygen produced are in good agree-
ment with each other, implying that no side reaction occurs
during the OER process. Chronoamperometry was conducted to
investigate the durability of the catalyst.”” Fig. 3h shows that

21666 | J. Mater. Chem. A, 2022, 10, 21659-21671

View Article Online

Paper

95.9% of the initial applied voltage at a current density of 10 mA
ecm™? is retained after 24 h in the presence of the Fe-Co,-
P@NPDC catalyst. The SEM image of this sample after the OER
stability test demonstrates that its morphology changes signif-
icantly from the original dodecahedron to the final irregular
particle (Fig. S18at). More importantly, the surface of the
catalyst is severely oxidized, as demonstrated in Fig. S18b-e.}
Specifically, the content of oxides or hydroxides on the catalyst
surface is greatly increased after the OER reaction, while the
species corresponding to metal phosphides decrease signifi-
cantly, which may be attributed to the characteristics of the
strong alkaline medium and strong oxidizing environment
during the OER process.* Lastly, to visually assess the reversible
oxygen catalytic activity of the catalysts, the potential gap AE
(between E;_o and E;;) of the OER and ORR over all the
samples was measured. As revealed in Fig. 3i, the as-obtained
Fe-Co,P@NPDC unsurprisingly exhibits the smallest AE of
0.655 V, especially far superior to those of the mixed noble-
metal catalysts (RuO, and Pt/C) and other bi-functional elec-
trocatalysts documented in the literature (Table S17), obviously
benefiting from its best ORR and OER activities.

ZAB performance of the Fe-Co2P@NPDC catalyst

To explore the practical utilization of the as-designed Fe-Co,-
P@NPDC catalyst, a homemade primary ZAB device was first
assembled based on the model depicted in Fig. 4a and S19,}
affording an elevated peak power density of 340 mW cm™ > at
390 mA cm 2, outperforming that of the Pt/C benchmark (165
mW cm > at 310 mA cm ™) using the equal cell configuration
(Fig. 4b) and other documented catalysts (Table S3t). Beyond
that, the calculated specific capacity of this Fe-Co,P@NPDC-
based battery reaches 762 mA h an’l, as evidenced in Fig. 4c.
In contrast, the performance of the Pt/C-based cell is much
inferior, with a moderate specific capacity of 651 mA h gz, .
Galvanostatic discharge measurements at 10 mA cm > show
that the Fe-Co,P@NPDC electrode can afford a decent initial
voltage of 1.27 V (Fig. 4d). After continuous discharge for 83 h,
the terminal discharge voltage can be maintained at 1.13 V. As
for the Pt/C-based battery, both discharge voltage (Ejpnjtia) = 1.04
V) and lifetime (55 h) are far inferior to those of our designed
electrocatalyst.

Based on the outstanding bi-functional oxygen activity of the
Fe-Co,P@NPDC product, the proof-of-concept application was
conducted to confirm its feasibility in rechargeable ZABs. Note
that the rechargeable battery was fabricated similarly to the
primary counterpart, except that the electrolyte was replaced by
6.0 M KOH and 0.2 M Zn(Ac), solutions (Fig. 4e). As stated in
Fig. 4f, the Fe-Co,P@NPDC electrode exhibits more satisfactory
galvanodynamic charge-discharge performance than the Pt/C/
RuO, reference. In particular, this advantage is more
pronounced at higher current densities. At 1 mA cm 2, this
metal phosphide-based electrode enables the assembled ZAB
device to continuously charge and discharge for 83 hours with
a small voltage difference (Fig. 4g), thus demonstrating its
promoted long-term durability compared to the benchmark
catalyst of Pt/C-RuO, and most reported bi-functional catalysts

This journal is © The Royal Society of Chemistry 2022
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Fig. 4

(a) Schematic illustration, (b) polarization and power density, (c) specific capacity, and (d) discharge curves of the primary ZAB device.

Notes: Fe-Co,P@NPDC (red) and Pt/C (black). (e) Schematic illustration, (f) discharge/charge polarization, (g) discharge/charge cycling curves,

(h) the open-circuit voltage of the rechargeable ZAB device, (i) the

LED viewing screen (1 V) and (j) the LED light (1.5 V) powered by the

rechargeable ZAB device. Notes: Fe-Co,P@NPDC (red) and Pt/C + RuO, (black).

(Table S4t). Moreover, Fig. 4h reveals that the ZAB using the Fe-
Co,P@NPDC catalyst as the air electrode exhibits a competitive
open-circuit potential of 1.438 V. As an impressive exemplifi-
cation, this battery can power the LED viewing screen and an
LED (Fig. 4i and j). Thus, the above results indicate that the bi-
functional Fe-Co,P@NPDC catalyst can endow the assembled
battery with remarkable cell efficiency and long cycling life,
suggesting its wide adaptability and feasibility in future ZAB
applications.

Mechanism analysis of the elevated bi-functional oxygen
activity

According to previous findings, *OH desorption at cobalt sites
in the Co,P microstructure is the rate-determining step (RDS) of
the ORR process.” Recent studies have shown that the elec-
tronic structure of Co,P can be optimized by doping with
transition metals, which in turn modulates the adsorption/
desorption energy barriers between the active sites and

This journal is © The Royal Society of Chemistry 2022

reaction intermediates, and ultimately promotes its ORR
performance.” With this in mind, to confirm the expected
electronic-structure regulation of the -catalysts, ultraviolet
photoemission spectroscopy was performed to measure their
electron-donating abilities.*>®" As depicted in Fig. S20a-d,t the
calculated working function (¢) of Fe-Co,P@NPDC is found to
be 4.26 eV, smaller than those of Co,P@NPDC (4.79 €V), NPDC
(6.62 eV) and NDC (6.70 eV). It is noted that P-doping enables
the ¢ of the carbon matrix to be reduced, thus producing a lower
¢ value of NPDC than that of the NDC counterpart (6.62 vs. 6.70
eV). By comparing the two samples, Fe-Co,P@NPDC and Co,-
P@NPDC, it can also be found that iron doping has a similar
function. Therefore, benefitting from the synergistic effect of
multi-doping, this Fe-Co,P@NPDC catalyst is endowed with the
smallest ¢ value and highest Fermi level, thus suggesting that it
possesses the most suitable d-band center. The reduction of the
¢ value means that the binding effect of the catalyst on elec-
trons becomes weaker.** As a result, more electrons will escape
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from the surface of the electrocatalyst to participate in the
related electrocatalytic reactions. Not surprisingly, the valence
band maximum value of Fe-Co,P@NPDC blue-shifts to the
vacuum level, in comparison to the other three reference
samples (Fig. S20e-h).} It is generally believed that the valence
electron near the Fermi level contributes to the d-band state.*®
Therefore, the modulation of work function and the expected
shift of this valence band demonstrate the effective regulation
of the d-band center and easier electron transfer, thus sup-
porting this Fe-Co,P@NPDC catalyst with increased concen-
trations of active sites through regulating the coordination
valence states and chemical environment of the electrocatalyst,
as well as a suitable binding force between the catalytic centers
and the adsorbed intermediates.®**** All of these help the Fe-
Co,P@NPDC catalyst product to overcome the sluggish *OH
desorption step and enhance its ORR activity, which is consis-
tent with previous research reports (Fig. 5).”°

As discussed above (Fig. 1 and S7t), the expected partial
charge-transfer from the cobalt moiety to the P domain is
facilitated when a secondary iron species is introduced into the
Co,P phase, thus giving rise to the formation of high-valence-
state metal species with stronger oxidizing power. A previous
report has demonstrated that the OER rate-limiting step for
many mixed metal phosphide precatalysts including Fe-Co-P
may be a chemical step after the first electron transfer step,
described as follows (Krasil'shchikov's Path 2): M—*OH + OH ™
— M-*0O + H,0 + e .*¢In our case, the formation of M—*OH and
the chemical adsorption process of OH™ groups may be
promoted in the presence of high-valence-state cobalt species
because of the optimized local electrostatic interaction between
cobalt ions and OH™ species, thereby contributing to fast OER
kinetics and excellent catalytic efficiency (Fig. 5).*

21668 | J. Mater. Chem. A, 2022, 10, 21659-21671

In addition, because phosphorus (P) has a weaker electro-
negativity than N, incorporating the secondary heteroatom P
would lead to the formation of an unsymmetrical N/P coordi-
nation structure, which could undergo a symmetry-breaking
charge transfer process and trigger the modulation of the
electronic structure of active metal sites.?® Due to its highest
P-C content (Table S5t), the optimized electronic structure of
the Fe-Co,P@NPDC catalyst enables the metal-N/P active sites
to exhibit suitable adsorption/desorption energy barriers for
various reaction intermediates (*OOH, *O, and *OH), thus
resulting in the promoted electrocatalytic ORR/OER activities
(Fig. 5).* Lastly, the porous structure and highly graphitized
carbon matrix can not only accelerate the mass and charge
transfer during the electrocatalytic reactions, but also provide
effective protection for the embedded phosphide active sites,
giving satisfactory activity necessary for the remarkable perfor-
mance of the ZAB device (Fig. 5).* This activity enhancement
results from the synergistic effect of microenvironment opti-
mization brought about by the multi-doping engineering of
Co,P components and the carbon framework, thus collectively
contributing to the optimized elementary reactions in the
involved ORR/OER process and finally exhibiting significantly
enhanced reversible oxygen catalytic activity.

Conclusions

In this study, we explored a delicate rhombic dodecahedron
nanoreactor featuring the intercalation of Fe-Co,P active sites
into the N/P co-doped carbon framework through the sequential
etching-coordination-phosphorization process. Benefiting
from the efficient electronic structure regulation by multi-
doping engineering and the fast charge/species transport

This journal is © The Royal Society of Chemistry 2022
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endowed by the porous conductive carbon support, the ex-
pected Fe-Co,P@NPDC sample enabled remarkable ORR and
OER bi-functional electrochemical activities and stabilities,
with a promoted half-wave potential of 0.895 V for the ORR and
a low overpotential of 320 mV at 10 mA cm 2 for the OER both
in alkaline media. As a proof of concept, a rechargeable Fe-
Co,P@NPDC-based ZAB device delivered an outstanding peak
power density of 340 mW cm >, a notable specific capacity of
762 mA h gz, ', and a good round-trip efficiency, thus making
this nanohybrid useful for utilization to replace commercial
precious metal catalysts. This work provides a model for effi-
cient and stable electrocatalyst design in sustainable energy
storage and conversion devices.
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