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ABSTRACT

Conversion-type transition metal phosphides anode materials with high theoretical capacity
usually suffer from low-rate capability and severe capacity decay, which are mainly caused by
their inferior electronic conductivities and large volumetric variations together with the poor
reversibility of discharge product (Li;P), impeding their practical applications. Herein, guided
by density functional theory (DFT) calculations, these obstacles are simultaneously mitigated
through confining amorphous FeP nanoparticles into ultrathin 3D interconnected P-doped
porous carbon nanosheets (denoted as FeP@CNs) via a facile approach, forming an intriguing
3D flake-CNs-like configuration. As an anode for lithium-ion batteries (LIBs), the resulting
FeP@CN:ss electrode not only reaches a high reversible capacity (837 mA h g-! after 300 cycles
at 0.2 A g'!) and an exceptional rate capability (403 mA h g'! at 16 A g!), but also exhibits
extraordinary durability (2500 cycles, 563 mA h g at 4 A g, 98 % capacity retention). By
combining DFT calculations, in situ transmission electron microscopy (TEM), and a suite of ex
situ microscopic and spectroscopic techniques, we unveil that the superior performances of
FeP@CNs anode originate from its prominent structural and compositional merits, which
render fast electron/ion transport kinetics and abundant active sites (amorphous FeP
nanoparticles and structural defects in P-doped CNs) for charge storage, promote the
reversibility of conversion reactions, buffer the volume variations while preventing
pulverization/aggregation of FeP during cycling, thus enabling high-rate and highly durable
lithium storage. Furthermore, a full cell comprised of the prelithiated FeP@CNs anode and
commercial LiFePOy cathode exhibits impressive rate performance while maintaining superior
cycling stability. This work fundamentally and experimentally presents a facile and effective
structural engineering strategy for markedly improving the performance of conversion-type

anodes for advanced LIBs.

KEYWORDS: amorphous FeP, carbon nanosheets, in situ TEM, anode materials, lithium-ion

batteries
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Given the merits of high energy density and long cycle life, lithium-ion batteries (LIBs) will
continue to play a vital role as the dominant power source for mobile electronic devices and
electric vehicles.!"!! However, commercially used graphitic anodes in LIBs with limited
theoretical capacity (~370 mA h g'!) cannot meet the ever-increasing demands of high energy
densities for electric vehicles and grid-scale energy storage systems.!>16 Therefore, the key for
achieving high-energy LIBs is to seek promising anode candidates to substitute conventional
graphite. Transition metal compounds with conversation-type reaction mechanisms, including
oxides,!”?3 sulfides,?*2¢ and phosphides,?’?° have thus been extensively investigated as
alternative anodes for LIBs due to their ability to provide high capacity from multiple electron
transfers per metal center. Among these anode materials, transition metal phosphides (TMPs)
stand out as they display lower polarization and a more favorable potential for lithium storage
together with a higher specific capacity, making them more suitable as anodes.!> 16> 30, 31
Unfortunately, less attention has been devoted to exploring TMPs, probably because they are
more difficult to synthesize than other anodes.!> 16 The present synthetic route for most reported
TMPs is generally conducted by using a high boiling point organic phosphorus source in the oil
phase under an inert protective atmosphere.!® This may cause the reaction to be corrosive and
flammable under high decomposition temperatures (300 °C) and these long-chain organic
solvents are also difficult to wash away. Another common method for preparing TMPs utilizes
the generated PH; from the decomposition of upstream sodium hypophosphite (NaH,PO,)
carried by protective gas flow (Ar or N,) and reacted with various TM precursors (metal oxides,
hydroxides, metal-organic frameworks, efc.).!> 32 The reaction appears to be facile and the
generated by-product Na,HPO, in the upstream is easily washed away, but the main problem
is that PHj; is extremely toxic and lethal even at a few ppm. The obvious shortcomings of these
strategies lie in the procedure and inevitably increase environmental damage, raise the
preparation cost, and complicate the synthesis processes.’® In this regard, suitable and viable
strategies for fabricating TMPs are urgently needed.

It is also worthwhile to note that although TMPs have high theoretical capacities and low
redox voltages, there are still a few challenges when it comes to the practical applications of
these TMPs, namely, poor rate capability and severe capacity decay, which are caused by their

inferior electrical conductivity and drastic volume variation during cycling as well as poor
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reversibility of discharge product (Li3P).!3 16:34-36 To resolve these challenges, one effective
strategy towards improving cycling stability and rate performance is to integrate nanostructured
TMPs with a conductive carbon (C) component forming TMPs@ C hybrid structures.!3: 36-40
Some examples of TMPs@C hybrid structures have been proven to enhance electrochemical
performance, including GePs@C composites,*! ZnP,@graphite composites,** graphene@Ni,P
hybrids,*® CoP nanocubes/graphene composites*® and SnysP3@C composites,* 4 efc. Despite
these advances, the reversible capacity and structural integrity of the electrode during the
cycling process, especially at higher rates, is still unsatisfactory and needs to be addressed. 53
It is thus highly desirable, yet quite challenging, to develop a convenient but effective strategy
of constructing TMPs@ C hybrid structures with the ultimate aim of improving the ion and
electron transport, buffering the volume variations and maintaining the integrity of the electrode
microstructure during cycling through purposeful design to further improve their
electrochemical performance. Additionally, underlying fundamental mechanisms and
interplays between TMPs and C components on performance enhancement remain to be further
investigated.

Herein, informed by density functional theory (DFT) calculations, we demonstrate a
perspective of encapsulating amorphous FeP nanoparticles into a 3D interconnected P-doped
porous C nanosheets (denoted as FeP@CNs) to form a 3D flake-CNs-like configuration as
efficient anodes for LIBs, which are synthesized via a facile and viable approach involving a
simple ultrasonic dispersion and subsequent heat treatment under an argon atmosphere. This
intriguing architectural design integrates nanostructured amorphous FeP and 3D porous
microstructures of CNs and offers several favorable design attributes for high performance, as
elaborated by DFT calculations and experimental investigations. Specifically, the existence of
coupling between FeP and P-doped CNs associated with the P doping in CNs can facilitate the
sturdy contact of the hybrid with enhanced conductivity and adsorption abilities for FeP and
Li" and boost the reversibility of discharge product Li;P via reducing its dissociation energies,
as predicted by DFT results. The amorphous structure of FeP could dramatically reduce the risk
of fracture during cycling, profiting from isotropic stress,*> whereas the nanoscale of the FeP
shortens the electron and ion transport path.!® The 3D porous interconnected CNs framework

can provide a buffer matrix for alleviating the structural strain and accommodating the volume
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variations of active FeP during cycling, as proven directly by in situ and ex situ transmission
electron microscopy (TEM) observations, giving rise to long-term stabilization.?% 46 Meanwhile,
the open porous structure and interconnected network of the CNs can offer unobstructed
channels for fast ion and electron transport and a structural scaffold to prevent embedded FeP
from aggregating, resulting in an ultrahigh rate capacity with excellent cycle stability.*6-*¥ With
these merits, the resulting FeP@CNs electrodes promise extraordinary lithium storage
performance in terms of high reversible capacity, exceptional rate capability, and ultralong
cycling life, which outperformed many reported results of TMPs-, TMOs- and TMSs-based
composite anodes. Impressively, they also display superior sodium-ion storage properties,
namely, outstanding rate capability and long-life cycling stability. The full cell comprising of
pre-lithiated FeP@CNs as anode and LiFePO, as cathode shows outstanding cycling stability
with 89.2 % capacity retention after 100 cycles at 1C while maintaining impressive rate
capability. The demonstrated design strategy and fundamental insights obtained from our work
would render opportunities to develop high-performance and durable anodes for next-

generation LIBs as well as other rechargeable batteries.

RESULTS AND DISCUSSION

To get insight into the performance of FeP particle on the P-doped CN (simplified as FeP@CN)
composite from the electronic and atomic scale, DFT calculations are first carried out to explore
the adsorption energy, electronic structure, dissociation energy and energy paths of the
dissociation process of discharge products Li;P. Figure 1al-a3 shows the 3D charge difference
and adsorption energy of the optimized pristine CN, bare FeP particle, and FeP@CN adsorbing
a single Li atom, respectively. It is found that the distribution of charge difference of FeP
particle, and FeP@CN adsorbing a Li is much more localized than the pristine CN adsorbing a
Li. Despite the total charge transfer of the Li atom on pristine CN is slightly larger than that of
the Li atom the FeP particle, and FeP@CN (Bader analysis in Supplementary Table S1),
considering the localized nature of FeP@CN adsorbing one Li atom, the best adsorption energy
is the FeP@CN (-0.34 eV, and the Li atom on pristine CN and FeP particle are 1.41 eV and
0.058 eV, respectively). The energy landscape and diffusion path of Li* on the FeP surface are

shown in Figure S1. As shown, the energy barriers between three minimum sites are 0.42 eV
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and 0.41 eV, respectively. The low-energy barrier of Li* diffusion from DFT is comparable to
the reported values for LiMnPO, (0.60 e€V),* Bi,M,O¢ (0.40 €V),’° Bi,S; (0.57 €V),’! and
LiFePO,4,* and it indicates a fast rate of Li* diffusion. To confirm the coupling between P doped
CN and FeP, we calculate the charge difference of FeP on P doped CNs, it is found that the
coupling is very localized to the interface. The Bader charge is 0.195 e transferring from the
FeP to the P doped CN, and the binding energy of the FeP and P doped CN is -2.807 eV,
indicating a strong coupling between P doped CN and FeP in the composite. The 3D charge
differences of FeP on the P doped CN is shown in Figure S2. The corresponding partial density
of states (PDOS) and total density of states (TDOS) are calculated based on the electron
structure and bonding, and the dominating valence electron states for different atoms (p states
for C, P, Li and d states for Fe) are shown in Figure 1b1- b3, respectively. As compared to that
of their components (CN and FeP particle), an exponential increase of the electronic states is
achieved for the FeP@CN near Fermi level from the valence electron states of C, P, Fe, and Li.
It is evidently observed that that the coupling between P doped CN and FeP particles strongly
influences the electronic structures of both CN and FeP particles, thereby improving the overall
electronic conductivity of the whole coupled system. This favors efficient electron transport
and provides rapid reaction kinetics and more charge storage sites for both FeP and P-doped
CN, accounting for high capacity and rate performance evidenced by electrochemical results.
The 3D charge differences of Li;P and Li,P+Li on the pristine CN are given in Figure 1cl
and c3, respectively. It is found that the charge difference between LisP and CN is more
localized than that of Li,P+Li with CN. As shown in Table S1, detailed Bader charge analysis
also suggests that the corresponding charge transfer of P atom is reduced from 1.618 e to 1.245
e during the dissociation process from LizP to Li,P+Li. The 3D charge differences of Li;P and
Li,P+Li on the P doped CN are given in Figure 1d1 and d3, respectively. It demonstrates that
the charge difference on P doped CN is less localized than that on pristine CN. The Bader
charge analysis also shows that the total charge transfers of the adsorbed P atom of the Li;P and
Li,P+Li on P doped CN are reduced to 1.132 e and 0.904 e, respectively. The corresponding
DOS, given in Figure le2, e4, d2 and d4, respectively, suggest all the configurations show
metallic features, indicating excellent conductivity. The corresponding atomic configurations

without charge difference plots are presented in Figure S3. The dissociation energy of three
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configurations of Li;P —> Li,P+Li adsorbed on CN, and three configurations of Li;P —>
Li,P+Li adsorbed on P doped CN are summarized in Figure 1el. These results demonstrate that
the dissociation energy of Li;P —> Li,P+Li are significantly reduced with the presence of the P
doping (reduced from 1.399 eV to 0.705 eV), indicating an excellent catalytic effect, which can
be well explained by the smaller charge transfer value of LizP/Li,P+Li on P doped CN than that
on pristine CN (Supplementary Table S1). Figure 1le2 presents the energy path of the
dissociation from Li;P to Li,P+Li, it also suggests a lower energy barrier of Li;P — Li,P+Li
on P doped CN (0.896 eV) than that on pristine CN (1.758 eV). Therefore, it can be inferred
that the doping of P into CN could be a promising strategy to boost the reversibility of LizP,

which thereafter verified by ex sifu TEM results.
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difference of the pristine CN, FeP particle, and FeP@CNs adsorbing one Li; (b1)-(b3) the
corresponding PDOS and TDOS; (c1) LisP adsorbed on CN, (c2) the corresponding DOS, (¢3)
Li,P+Li adsorbed on CN, (c4) the corresponding DOS; (d1) Li;P adsorbed on P doped CN, (d2)
the corresponding DOS, (d3) Li,P+Li adsorbed on P doped CN, (d4) the corresponding DOS;
(el) the dissociation energy of three configurations of LizP adsorbed on CN, and three
configurations of Li;P adsorbed on P doped CN, (e2) the energy path of the dissociation from
Li;P to Li,P+Li. The slate blue, blue, red, green balls represent C, P, Fe, and Li atoms,

respectively.

The detailed formation process of the FeP@CNs composite is schematically illustrated in
Figure 2a. First, the ultrathin 3D CNs are dispersed in ferric nitrate nonahydrate solution and
serve as a conductive carbon skeleton. Then, the phytic acid (PA) as a phosphorus source is
added dropwise to the above solution, so the PA can cross-link with the ferric ion on the CNs
to generate single precursors. Subsequently, the dried precursors are annealed at 900 °C for 1 h
under Ar atmosphere to obtain FeP@CNs composites with the P doping in the CNs. The
morphologies and structures of the as-synthesized FeP@CNs, bare CNs, FeP-C, bare FeP and
P-doped CNs are investigated by FESEM and TEM, as shown in Figure 2, Figure S4, S6, S7,
and S8 respectively. The CNs possess 3D flower morphology with vertically aligned petals like
CN (Figure S4a-c) and make up the assembly of fully interconnected 3D CN with ultrathin
walls (<10 nm) containing a few stacked graphitic layers (Figure S4d-e), forming an open and
highly porous architecture (Figure S4f). This structure is highly beneficial in accommodating
the volume variations of FeP during battery cycling and ensuring convenient channels for fast
Li ion electron transport.*>- 47 After the integration of FeP nanoparticles (average about 80 nm
in size), as illustrated in Figure 2b-c, the flake 3D porous CN framework structure is well
retained and FeP nanoparticles are fully encapsulated into the flake network CNs matrix
forming 3D flake-CNs-like configuration. TEM images of Figure2d-e clearly demonstrate that
the numerous FeP nanoparticles are well distributed and tightly immobilized into
interconnected 3D flake CNs, consistent with SEM results. The inset selected area electron
diffraction (SAED) image of Figure 2e indicates the FeP nanoparticles are amorphous,

corresponding to the XRD pattern of FeP@CNs (Figure S5). High-resolution TEM (HRTEM)
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images further reveal the amorphous nature of FeP, which is tightly wrapped by the ultrathin
CNs that are composed of a few graphitic layers. The high-angle annular dark-field (HAADF)
scanning transmission electron microscopy (STEM) (Figure 2g) and elemental mapping images
in Figure 2h-j present the C, P and Fe elemental distributions, which clearly demonstrate that
nanosized FeP nanoparticles are uniformly embedded into microstructural features of
interconnected 3D CN frameworks, revealing the hybrid structure of FeP@CNs integrating the
features of micro- and nanostructures. For comparison, the P-doped CNs are prepared by
removing the internal FeP nanoparticles of FeP@CNs composites. The morphologies and
structures of CNs can be well maintained, featuring the 3D flake-network-CNs (Figure S8a-c).
The HAADF and elemental mapping images clearly demonstrate that the P element is dispersed
uniformly throughout the CNs (Figure S8d-f), further confirming the successful doping of P in
CNs. The FeP particles coated with a thin carbon layer (FeP-C in Figure S6a-g) are also
synthesized using a similar procedure as FeP@CNs except omitting CNs. The bare FeP
nanoparticles (Figure S5 and Figure S7) with uniform sizes around 20-30 nm in diameter are
also synthesized using Fe,O; nanoparticles as starting materials followed by phosphidation

Processes.
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Figure 2. (a) Schematic drawing of fabricating the FeP@CNs composite and (b, ¢c) FESEM
images of FeP@CNs. (d, ¢) TEM and (f) HRTEM (the inset in Fig. 2e shows the corresponding
SAED image) image of FeP@CNs composite. (g) HAADF image of FeP@CNs and

corresponding element mappings of (h) Fe, (i) P, and (j) C elements.
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The chemical composition and elemental oxidation state of FeP@CNs are investigated by
XPS. The XPS full spectrum in Figure 3a reveals the presence of C, O, P and Fe on the surface
of the FeP@CNs. While, the P-doped CNs only show the existence of C, O and P due to
removing the internal FeP nanoparticles (Figure S81). The high-resolution Fe 2p XPS spectrum
exhibits two apparent peaks at 711.5 and 725.2 eV, originating from Fe 2ps,, and Fe 2p,/, peaks,
respectively.’* 52 In addition, a peak at 707.2 eV is ascribed to Fe? 2p;,, from a slight reduction
of Fe3" during the heat treatment process, which has also been observed in the previous
reports.>> 33 The high-resolution P 2p spectrum of the FeP@CNs can be deconvoluted into four
peaks, as illustrated in Figure 3c. Two small peaks at 129.3 and 130.1 eV correspond to P 2p;,,
and P 2p;/, of P in FeP, respectively.>* The P-C (structural model shown in Figure S9c) observed
at 133.3 eV can be related to a handful of P doping in CNs,3* which is also supported by the
Fourier transform infrared spectrometer (FTIR) and Raman results ( Figure S9a and b). The
appearance of P-O at 133.9 eV is ascribed to the oxidized phosphide on the surface of FeP@CN:ss,
which is also commonly observed in reported results of TMPs. 16> 31- 38, 52,353,535 To confirm the
existence of coupling between P-doped CNs and FeP, we compare the results of high-resolution
P 2p spectrum and FTIR spectra of FeP@CNs with P-doped CNs. From Figure S10a-b, it is
evident that the P 2p;, and P 2p;, peaks associated with internal FeP disappear, and the
intensity of P-C reduces significantly, indicating that the coupling between the P in internal FeP
nanoparticles with CNs has been removed and therefore suggesting the existence of coupling
between P doped CNs and FeP. This result is also supported by FTIR results as shown in Figure
S10c. The peak at 750 cm’! can be assigned to P-C stretching.>6-38 Figure S10c clearly shows
that the P-C bond of P-doped CNs is weaker than the P-C bond of FeP@CNs, which further
confirms the existence of coupling between P doped CNs and FeP, corresponding to the result
from DFT calculation. The C 1s XPS spectrum (Figure 3d) can be fitted with three peaks located
at 284.6, 285.2 and 286.6 eV, corresponding to C—C/C=C, C—P, and O—C=0, respectively. >*
To further characterize the carbon component, the Raman spectrum of the CNs, FeP@CNs and
P-doped CNs are carried out, as shown in Figure 3e and Figure S8g. It can be observed that two
broad peaks centered at ~ 1350 and 1590 cm!, which are assigned to the D (disordered) band
and G (graphite) band of the carbon materials, demonstrate the existence of CNs.>* The Ip/Ig

ratios of FeP@CNs, CNs and P-doped CNs are 1.03, 0.99 and 1.04, respectively. It can be seen
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clearly that the Ip/Ig of P-doped CNs is higher than that of CNs, indicating more
defects/disorders after P doped CNs.!5 3 The content of carbon in FeP@CNs is calculated to
be about 27 wt.% according to the thermos-gravimetric analysis (TGA) analysis (Figure 3f) for
FeP@CNs and bare FeP, together with the corresponding XRD pattern of the residue of

FeP@CNs after TGA measurement (Figure S11, more details are given in supporting

information).’* 33 The EDX spectrum of FeP@CNs in Figure 3g shows the co-existence of P
and Fe, and the ratio of P to Fe is measured to be 1.14:1 according to the chart inset in Figure
3g indicating the presence of FeP. This result is in good agreement with the ratio obtained from
inductively coupled plasma-atomic emission spectrometry (ICP-AES) (Supplementary Table

S2). The excess P can be ascribed to the P doping in CNs, corresponding to the result of the

high-resolution P 2p spectrum of XPS.
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Figure 3. (a) Full-scale XPS spectrum and the high-resolution XPS spectra of (b) Fe 2p, (c¢) P
2p, and (d) C 1s of the FeP@CN:s. (e) Raman spectra of FeP@CNs and CNs. (f) TGA profiles
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of FeP@CNs and pure FeP. (g) EDX spectrum of FeP@CNs and the corresponding elemental

contents.

The electrochemical performance of FeP@CNs composites, bare CNs and bare FeP
nanoparticles electrodes are evaluated with the standard coin-type cell configuration. The cyclic
voltammogram (CV) curves of FeP@CNs electrode for four initial cycles are measured at a
scan rate of 0.1 mV s between 0.01 and 3 V. As shown in Figure 4a, the three reduction peaks
at 2.42, 1.88 and 1.15 V, during the first cathodic scan, are associated with the multistep
intercalation of Li* into the FeP to form Li,FeP (FeP + xLi* + xe- — LisFeP (x = 0-3),
(A)).3*52 and the following peak at 0.8 V corresponds to the reduction of Li,FeP to Fe and LisP
(LiyFeP + 3—=x)Li" + (3—x)e- — Fe + LisP, (B)) and the formation of solid-electrolyte
interphase (SEI) film on the surface of the electrode.’* 3> During the first anodic scan, the two
oxidation peaks locate at 0.96 and 1.1 V are attributed to the reverse process of (B), and less
prominent oxidation peaks between 1.3 to 3 V are ascribed to the reverse process of (A).3% >
During the second cathodic cycle, reactions (A) and (B) mainly occur at 1.44 and 0.42 V,
respectively. For the subsequent cathodic cycles, it is noteworthy that the peak of reaction (B)
at 042 V is broken into two peaks at 0.42 and 0.55 V, which is mainly due to the
electrochemical activation process and a certain degree of microstructure changes of FeP in the
first two cycles.’? There are no significant changes in the oxidation peaks in subsequent anodic
scans. Moreover, both the cathodic and anodic peaks in the CV curves overlap from the third
cycle onward, suggesting excellent reversibility and stability of the electrode. Figure 4b exhibits
the charge-discharge profiles of the as-synthesized FeP@CNs electrode at a current density of
0.2 A g! in the potential range of 0.01-3 V. The discharge and charge capacities of the first
cycle are 1185 and 795 mA h g, respectively, corresponding to a first cycle Coulombic
efficiency (CE) of 67.1 %. The initial capacity loss is primarily due to the inevitable formation
of SEI films,®0-%4 which can be compensated by prelithiating the anodes through either chemical
or electro-chemical methods or by adding stabilized Li metal powders into the anodes.®>¢7 The
CE value then quickly increases to 95.4% at the 2nd cycle and levels off at 97-99 % in
subsequent cycles. Figure 4¢ presents the cycling performance of FeP@CNs electrode at 0.2 A

g 1. As expected, the FeP@CNs electrode shows a stable cycling performance, retaining a high
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reversible capacity of 837 mA h g! after 300 cycles, suggesting outstanding cycling stability,
as confirmed by the almost overlapped charge-discharge profiles in the 150t and 300™ cycles
(Figure 4b). The robustly structural stability upon cycling is confirmed by ex sizu TEM analysis
of the cycled electrode. As seen in Figure S12, the electrode can still retain its integrity
relatively well without apparent pulverization or loss of FeP nanoparticles and the reacted FeP
nanoparticles are still fully embedded in the 3D CNs framework. Figure 4d compares the
cycling performance of FeP@CNs composite, bare CNs and bare FeP electrodes at 1 A gl
Apparently, the FeP@CNs electrode outperforms the other two electrodes in cycling stability,
delivering a reversible capacity of 956 mA h g ! at 1 A g! without any capacity decay for 500
cycles. In contrast, the capacity of the bare FeP electrode fades rapidly, reaching 300.8 mA h
g'! with 46 % capacity retention after 500 cycles and a capacity of only 393 mA h g after 500
cycles is retained for FeP-C electrode (Figure S6h). The capacity of the CNs electrode is
maintained at 418 mA h g'! with 92 % capacity retention after 500 cycles. While, a specific
capacity of 486.8 mA h g! after 500 cycles at 1 A g'! can be maintained for P-doped CNs
electrode, which is higher than that of bare CNs electrode (418 mA h g!) (Figure S8j).
Moreover, the rate performance of P-doped CNs electrode is also better than that of bare CNs
electrode (Figure S8k). The enhanced electrochemical performances of P-doped CNs electrode
could be attributed to the presence of structural defects in CNs after P doping, which is
beneficial for providing more active sites for Li storage as well as enhancing the kinetics of Li*
transport during cycling '>> 8-79The capacity decay in the initial few cycles for FeP@CNs
electrode is probably ascribed to the lithiation-induced structure reorganization and the
formation of unstable SEIL.’% 72 The rising capacity after the initial few cycles which is
commonly observed in various nanostructured anodes,> 73-7¢ is likely due to lithiation-induced
structural optimization and the reversible formation of organic polymeric/gel-like layer caused
by electrolyte decomposition, which can offer a large fraction of electrochemical reaction
interface for storage of excess Li* ions through a so-called “pseudo-capacitance-type behavior”.
71,7772 This phenomenon is further confirmed by the capacity plateau changes shown in Figure
S13 and kinetic analysis in Figure 4g-i.

Furthermore, the FeP@CNs electrode exhibits prominent rate capability, as illustrated in

Figure 4e. It can deliver a high reversible capacity of 870, 733, 665, 614, 559 and 485 mA h g!
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upon increasing rates of 0.2, 0.5, 1, 2, 4 and 8 A g!, respectively. Impressively, even at large
rates up to 16 A g'!, a high reversible capacity of 403 mA h g! (46 % of the capacity at 0.2 A
g'!) can be achieved, which is excessively higher than that of bare FeP nanoparticles, bare CNs,
FeP-C and P-doped CNs electrodes (Figure S14, Figure S61 and Figure S8k). When the current
rate finally returns to 0.2 A g, more than 945 mA h g! after 190 cycles at rates ranging from
0.2 A g'to 16 A g can still be achieved, suggesting outstanding rate tolerance and excellent
structure robustness. In comparison, the bare FeP electrode exhibits a low capacity of 154.6
mA h g'! at 8 A g'! with only 24.6 % capacity retention from 0.2 A g'' to 8 A g'! (Figure S14).
The improved reaction kinetics of the FeP@CNs electrode is confirmed by electrochemical
impedance spectra (EIS) results (Figure S15a), where the FeP@CNs electrode shows much
lower charge transfer resistance both before and after cycling, indicative of faster charge
transfer and higher electrode conductivity than the bare FeP. The apparent difference in capacity
retention at high rates emphasizes the vital role of the 3D flake-CNs-like structure in enabling
the ultra-fast rate capability of the FeP@CNs electrodes, which is also evidenced by CV results
in Figure 4(g-1). In addition to its outstanding rate capability, FeP@CNs electrode also exhibits
extraordinary long-term cycling stability, retaining a specific capacity of 563 mA h g-! with 98
% capacity retention over 2500 cycles at a high cycling current density of 4 A g-!, demonstrating
the excellent structural stability upon cycling. From the ex situ TEM images shown in Figure
S16 (a-d), the electrode structure of the FeP@CNs after long-term cycling is well preserved
without visible structural collapse while the reacted FeP nanoparticles are still tightly
immobilized in the CNs scaffold, suggesting that the CNs is robust enough to buffer the volume
variation of FeP nanoparticles and thus contribute to excellent structural stability. According to
the elemental mapping results in Figure S16 (e-1), the features of FeP nanoparticles embedded
into a microsized CNs frame can be clearly identified, confirming that the hybrid structure of
the FeP@CNs is retained. Further evidence for the robust structural stability of FeP@CNs
electrode after long-term cycling can be confirmed by EIS analysis (Figure S15b). These results
clearly indicate that the FeP@CNs electrodes demonstrate superior performance in terms of
large capacity, high rate capability, and long cycle stability outperforming the large majority of
TMPs-based anodes (Supplementary Table S3) as well as TMOs- and TMSs-based anodes in

previously reported work (Supplementary Table S4). Encouragingly, the FeP@CNs electrodes
15
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also present outstanding Na storage performance in terms of high reversible capacity, superior
rate performance, and an extremely stable cycling life (Figure S17), further confirming the
advantageous structural features of FeP@CNs for electrochemical energy storage.

To elucidate the reason for the high-rate capability of the FeP@CNs electrode, its
electrochemical reaction kinetics are further investigated using cyclic voltammetry (CV) at
different scan rates from 0.1 to 1 mV s'!. From Figure 4g, it is evidently observed that all of the
CV curves display similar shapes and nearly the same anodic/cathodic peak separation when
the scan rate is increased from 0.1 to 1.0 mV s°!, suggesting small polarization and fast kinetics
of the FeP@CNs electrode. In general, the voltammetric response of an electrode-active
material at various sweep rates can be qualitatively measured by the relationship between the
peak current (i) and scan rate (v) from CV curves according to:

i=aw (1)

i=kiv+ kw2 @)
where a and b, k; and k, are adjustable parameters and constant parameters, respectively.”s 7
30.80 The b value can be calculated by plotting log(i) versus log(v). Generally, a constant b value
approaching 0.5 or 1 indicates a diffusion-controlled or capacitance-controlled process,
respectively.®>7° By plotting the linear relationship between log(i) and log(v), the calculated b-
values (Figure S18) determined by the anodic (peak 1 and peak 2) and cathodic (peak 3 and
peak 4) slopes are 0.83, 0.83, 1.00 and 0.87, respectively, suggesting a hybrid Li storage
mechanism that is dominated by a capacitance-controlled process. By distinguishing the current
(i) from the diffusion and capacitance according to Equation (2), the ratios of capacitive
contribution are further determined quantitatively. Clearly, at the scan rate of 1.0 mV s, a
significantly high capacitive contribution of 82.3 % is obtained for FeP@CNs electrode,
indicating a fast capacitive-dominant characteristic. Upon increasing the scan rate from 0.1 to
1.0 mV s, the capacitive contribution of the FeP@CNs electrode increases from 59.0 to 82.3 %,
demonstrating a fast-growing pseudocapacitive effect with an increasing rate, which is highly
beneficial for enhancing the rate capability. The significant enhancement of capacitive behavior
can be mainly derived from the collective effects from the structural superiority of FeP@CN:ss,
in which nanosized FeP affords reduced paths for both ion and electron diffusion while the 3D

porous CNs provides a highly efficient electrochemical circuit around the FeP nanoparticles
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shaded region) at a scan rate of 1.0 mV s'! and (i) the ratio of capacitive contribution at various
scan rates of the FeP@CNs electrode.

To further uncover the structural and phase evolution of FeP@CNs composite electrode
during the lithiation/delithiation process, in situ TEM through a nano-battery configuration, as
schematically shown in Figure 5a, has been employed in real time.3!> 8 Figure 5(b—d) shows
the time-lapse TEM images of the morphological evolution of FeP@CNs electrode during
lithiation (captured from Supplementary in situ Movie 1). In the initial state (Figure 5b), it is
evidently observed that that the FeP nanoparticles are fully confined into ultrathin 3D
interconnected CNs. Upon reaction, a potential of —6V is applied to the FeP@CNs to initiate
the lithiation. As shown in Figure 5c, two neighboring FeP nanoparticles (particle 1, 2 and 5)
present notable volume expansion after lithiation for 439 s; the long axis of particle 1, 2 and 5
increase from about 98.1 to 103.5 nm, 124.8 to 138.9 and 173.4 to 182.7 nm, respectively.
Meanwhile, the nearby ultrathin CNs also clearly thicken, indicating the lithiation process of
CNs, contributing part of the capacity to FeP@CNs composite. As the lithium diffusion
continues, the lithiation of the farther FeP particles (particles 3 and 4) and CNs occurs. After
878 s of lithiation, the increase of long axis length of corresponding particles is shown in
histogram statistics (Figure 5e) and is estimated to be 21.9 %, 28.6 %, 26.6 %, 23.0 %, and 22.7
%, respectively. The time-lapse enlarged TEM images (Figure S19) (captured from
Supplementary in situ Movie 2) of another FeP@CNs composite demonstrate more clearly the
size variations of amorphous FeP nanoparticles during the lithiation process. Interestingly,
during the whole lithiation process, the FeP@CNs composite maintains its original morphology
without observing any structural degradation such as structural collapse or cracks inside FeP
nanoparticles, suggesting that the CNs matrix and the porous structure can effectively buffer
the volume expansion and prevent the pulverization of the FeP nanoparticles during lithiation.
More impressively, even after almost 30 min of lithiation, the original morphology of
FeP@CNs is still well-maintained without any cracks (Figure S20, captured from
Supplementary in situ Movie 3). Robust structural stability of the FeP@CNs electrode is further
characterized after repeated lithiation/delithiation cycles by applying a constant bias (-6/6 V) as
presented in Figure 5(f—1) (captured from Supplementary in situ Movie 4). Before lithiation, the

FeP@CNs has no noticeable FeP diffraction patterns due to the amorphous nature of the sample
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(Figure 5m). After the first lithiation, although the inside FeP nanoparticles experience
noticeable volume changes, no cracks are observed (Figure 5g). The corresponding SAED
pattern in Figure 5n presents the emergence of diffraction rings from Li;P (JCPDS no. 04-0525)
and diffusion halos of amorphous Fe, revealing the conversion reaction process of the
FeP@CNs electrode after the first lithiation. The existence of diffraction rings of Li,O is likely
due to the slight oxidation of Li in the TEM environment.?3 Reversely, after the first delithiation,
the inside FeP nanoparticles have almost no observable structural change except for size
reduction. Meanwhile, the corresponding SAED image shows the LisP (114) diffraction ring
has almost disappeared, the diffraction ring of Li;P (102) is also inconspicuous and the diffusion
halos of amorphous FeP grow in the SAED after the first delithiation, indicating the
regeneration of FeP nanoparticles (Figure 50). These results are thereafter ascertained with ex
situ X-ray absorption near-edge structure (XANES) spectra, X-ray photoelectron energy spectra
(XPS) and TEM observations of cycled samples in Figure 6. Noticeably, the diffraction ring of
Li;P (102) that is still detected but diminishes in the delithiated electrode is probably due to the
difficulty of full conversion with an in situ TEM set-up.®* Impressively, this
lithiation/delithiation cycling (Figure 5h- k) of the FeP@CNs can be repeated with similar rates
for several times without observing any unstable structural changes such as cracking and
fracture, indicating the high structure integrity, correlating well with the ex situ TEM results. It
worth mentioning that the surface fluctuations occurs after a few cycles, which are caused by
the growth of Li,O on the FeP@CNs surface.®> From all the observations above, we see the
stable structural change of FeP@CNs during multiple lithiation/delithiation cycling,

contributing to the excellent cycling performance of this anode material.
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Figure 5. (a) Schematic illustration of the in situ TEM electrochemical cell. (b-d) Time-
resolved TEM images for FeP@CNs electrode during lithiation. (¢) The histogram statistics of
the increase of long axis length for corresponding particles. /n situ TEM images of (f) another
pristine FeP@CNs electrode, (g) after the first lithiation, (h) after the first delithiation, (i) after
the second lithiation, (j) after the second delithiation, (k) after third lithiation and (1) after the
third delithiation. The corresponding SAED patterns of (m) another pristine FeP@CNs
electrode, (n) after the first lithiation, and (o) after the first delithiation.

The charge compensation mechanism of FeP@CNs in its first cycle is investigated by
XANES spectra and XPS. The Fe K-edge (7132 eV) of pristine and cycled FeP@CNs
electrodes are shown in Fig. 6b. When the FeP@CNss is discharged to 0.01 V, the Fe K-edge

spectrum shows a clear shift towards the lower energy region compared with the as-prepared
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state. The shoulder of the FeP@CNs at 0.01 V is slightly higher than the Fe foil. This indicates
that the reduction of Fe-ions mainly compensates for the electron harvest at this step. When the
material is charged back to 3.0 V, the shift to the higher energy region in the Fe K-edge is
clearly seen. After one cycle, the Fe K-edge recovers to its original state, suggesting the reaction
is highly reversible. This is consistent with the observed in situ TEM result; the majority of Fe3*
is reduced to Fe® after FeP@CNs is discharged to 0.01 V, leading to the formation of elemental
Fe.86-37 Figure 6¢ presents the ex situ XPS results of Fe 2p region. The binding energy peaks at
~712 eV and ~707 eV correspond to Fe3" and Fe?, respectively. At the pristine state, the surface
of FeP@CNs is dominated by Fe**. During the discharge, the Fe? starts to appear and became
the main species at 0.01 V. After 1 cycle, the Fe’" dominates the surface as a result of electron
loss during the charge. Both XAS and XPS verify that the Fe3*/Fe? is the main active redox
couple during cycling. The irreversible capacity in the first cycle of FeP@CNs is due to the
formation of SEI, which has been observed by TEM (Figure 6e-f). The XPS of C 1s region
(Figure 6d) of the cycled FeP@CNs exhibits significant C-O and C=0 features at ~286 eV and
~289 eV due to the decomposition of carbonate solvent. Both peaks do not show obvious
change from the 1% cycle to the 54 cycle, implying the SEI is stable once it is formed in the
initial cycle. It should be noted that the absence of the C-P peak in the cycled FeP@CNs may
originate from the coverage of the material by the SEI, which buries the signal of the P doped
CNs. The stable SEI and highly reversible Fe3*/Fe® redox contribute to the excellent cycling
stability of the FeP@CNs. Figure 6e-f show the ex sitru TEM images of FeP@CNs electrode
after initial discharge and charge states. As illustrated in Figure 6el-e2, the electroactive
particles are coated by the thickened CNs, well maintaining the 3D network-like structure after
initial discharge. HRTEM and FFT images (Figure 6e3) show the reacted FeP consisting of
many polycrystalline nanograins, which are related to the formation of Li;P after 1% lithiation.
This is consistent with the SAED result of in situ TEM observation. Figure 6f1-f2 shows the
morphology of the electrode similar to that of the 1t discharge process without any unstable
structural changes after the initial charge. The HRTEM image and corresponding to the FFT

image reveal the regeneration of amorphous electroactive particles (Figure 613).
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Figure 6. (a) First cycle voltage profile of FeP@CNs at 0.2 A g'l. (b) The ex situ XAS of Fe

K-edge at different states of (dis)charge. (c) The ex situ XPS of Fe 2p region at different states

of (dis)charge. (d) The ex situ XPS of C 1s region at delithiated state in different cycles. The
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TEM, HRTEM and the corresponding FFT images of FeP@CNs electrodes at different states:
(el - e3) Ist discharge and (f1 - f3) 1st charge.

To demonstrate the practical application of FeP(@CNs as anode material for LIBs, the full
cell using LiFePO, as a cathode and prelithiated FeP@CNs as an anode is assembled, as
illustrated in Figure 7a. The charge-discharge profiles of LiFePO, cathode and prelithiated
FeP@CNs anode in a half cell are given in Figure S21. The typical charge-discharge profiles
of the full cell at a current density of 1 C with a voltage window of 1.0-3.9 V are shown in
Figure 7b. The initial charge and discharge capacity are 171.4 and 167.0 mA h g at 0.2 C
(1C=170 mA h g!, based on active material in cathode), respectively, displaying a high initial
CE 0f 97.4 %. Figure 7d depicts the corresponding cycle performance of the full cell at a current
density of 1 C (activated at 0.2 C for two cycles). The as-obtained full-cell exhibits a high
reversible capacity of 119.6 mA h g! with a capacity retention of 89.3 % for over 100 cycles at
1 C. The inserted photo image in Figure 7d shows how this full battery can power a 32 red LED
array with XMU (Xiamen University) logo, highlighting the enormous potential of our
FeP@CNs anodes for practical applications. Figure 7c¢ shows the charge-discharge curves of
the full cell at various current densities from 0.2 to 3 C. Impressively, it can achieve reversible
capacities of 169.1, 147.5, 135.7, 122.3, and 112.8 mA h g'! at 0.2, 0.5, 1.0, 2.0 and 3.0 C,
respectively, with a capacity retention of 66.7 % from 0.2 C to 3 C. When the current density
returns to 0.2 C, a reversible capacity of 166.5 mA h g™! after 5 cycles can be recovered (98.5 %
of the initial capacity), by another 20 repeated cycles at 1 C which displays the capacity of
123.4mA h g"! (Figure 7e), implying the excellent tolerance for the rapid Li insertion/extraction
reactions.

The superior electrochemical performance of the FeP@CNs electrode can be attributed to
the compositional and structural benefits of the composite, which offers multiple advantages
for high performance. First, the P doped on CNs and the existence of coupling between FeP and
P-doped CNs not only enable the hybrid with improved electronic conductivity and more charge
storage sites but also promote the reversibility of conversion reaction, as revealed by DFT
calculations, favoring improved capacity and rate performance. Second, as schematically

demonstrated in Figure 7f, the 3D interconnected CNs confine the FeP nanoparticles and
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function as an elastic buffer to prevent pulverization/aggregation of encapsulated FeP
nanoparticles during cycling (Figure 7g) maintain the active surface and leave stable and
unobstructed channels for the fast electron (high conductivity) and Li-ion (short diffusion
length) transport.’® 46 This gives rise to outstanding rate capacity and stable cycling
performance. Meanwhile, the 3D porous structure of CNs not only enables full utilization of
active FeP nanoparticles and abundant accessibility of electrolyte, but also offers a structure-
buffering space to accommodate the mechanical stress from the volume variation of embedded
FeP nanoparticles during repeated cycling without destroying the structural and electrical
integrity of electrodes as shown in Figure 7g* 47 contributing to high capacity and excellent
long-term cycling stability, which is confirmed by in situ and ex situ TEM measurements.
Additionally, the amorphous structure of active FeP is highly beneficial in reducing the risk of
fracture during cycling!® 42 and nanoscale FeP shortens the electron/ion transport path, !¢ leading

to enhanced cycling stability and reaction kinetics.

24

ACS Paragon Plus Environment

Page 24 of 38



Page 25 of 38

oNOYTULT D WN =

ocouuuuuuuuuuud,DdDDDBDDAMDMDMNDAEDANEDNWWWWWWWWWWNNNNNNNNNDN=S =2 @2 a@Qaaa0
VWO NOOCULLhAWN-_rOCVONOOCTULDWN—_,rOCVOONOOCULDDWN=—_,rOUOVUONOOCULPMNWN—_ODOVUONOUVPSD WN =0

ACS Nano

a o — b 4.0 1 C 4
Discharge @ i 3.5 o 3.5
- -
5 5
301 = 3.0
- -
______ 215 Z25
@ @
...... & &0
S204 %‘ 2.0
°
s —1st 2nd = 02C 0.sC
L5 [ —3rd ——sn 157 | —ae 2C
or h ' | s Lol L. ' ) '
; T U T T ¥ -
T " 0 30 60 90 120 15 180
AlLiFePO, Cathode  Separator FeP@CNs Anode Cu 0 30 60 % 120 15 180 $ by cl'
d Specific capacity (mA h g'{) Specific capacity (mA h g7)
4
a2
11003 "anngg
= s
80 2? < 1804 0.2C 0.2C
E g 0.5C
=150 5 150 1C 1c
= S P 2c SRR
120 S T120 3¢
= ]
=% 2o
= 90 02 8 9
< E 3
2 60 : 2 =2 60
% Of!:arg! l:lpaclty. 20 = !‘5 -@-Charge capacity
8 30] @ Discharge capacity 8 & 301 -@-Discharge capacity
wo, 0 wo
0 20 40 60 80 100 "0 5 10 15 20 25 30 33 40 45 50

Cyecle number Cycle number

ey

0 i = Extensive g
o Lithiation cycling iy
° i _ @, T FeP
(3 :
Carbon shell

@ Extensive @
cycling

F,

Carbon sheet

-

Extensive & g04 SASHNE Lithiated FeP

-

SEI layer

Figure 7. (a) Schematic illustration of the full cell, (b) charge-discharge curves at 1C, (c)
charge-discharge curves at various C rate, (d) the cycle performance of LiFePO4/FeP@CNs
full-cell at 1 C, the inset digital photo is a XMU logo consisting of 32 red LEDs in parallel
powered by the full cell, (e) the rate performance of LiFePO,//FeP@CNs full cell at various C
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rate from 0.2 to 3 C, (f) schematic illustration of the rational design of the FeP@CNs anode for
LIBs and (g) schematic illustration of the morphology evolutions of bare FeP nanoparticles,
FeP-C and FeP@CNs electrodes. The 3D flake-CNs-like architecture of FeP@CNss is effective
in accommodating the volume change of active FeP without pulverization, while the bare FeP
nanoparticles and FeP-C electrodes are prone to pulverize during repeated cycling, leaving

cracks on both active FeP and SEI layer.

CONCLUSIONS

In summary, DFT calculations have predicted the existence of coupling between FeP and P-
doped CNs and the doping of P on CNs not only enable the hybrids with improved conductivity
and abundant active sites for charge storage, but also promote the reversibility of discharge
product (LisP) via reducing its dissociation energies, implying enhanced capacity and rate
performance. In light of these theoretical analyses, an excellent LIBs anode candidate of 3D
flake-CNs-like configuration, consisting of amorphous FeP nanoparticles encapsulated into
ultrathin 3D interconnected P-doped porous CNs, has been successfully developed via delicate
architecture design and facile synthesis approach. By virtue of the structural characteristics and
compositional features, the FeP@CNs anode exhibits a high reversible capacity of 837 mA h
gl after 300 cycles at 0.2 A g'! and superb rate capability of 403 mA h g'! at 16 A g!, while
maintaining extraordinary cycling stability even up to 2500 cycles with a capacity retention of
98 % at 4 A g''. Impressively, the anode also demonstrates the superior sodium-ion storage
properties, namely, outstanding rate capability and long-life cycling stability. The full cell-
based on prelithiated FeP@CNs anode exhibits a high reversible capacity of 119.6 mA h g'! at
1 C with a capacity retention of 89.3 % over 100 cycles as well as impressive rate capability. A
combined ex situ XANES, XPS, and TEM analysis prove the high reversibility of conversion
reaction and excellent structural integrity during cycling, accounting for superior performance.
Further in situ TEM measurements show strong evidence that the 3D flake-CNs-like structure
with amorphous FeP nanoparticles confined in CNs plays a crucial role in accommodating the
volume change and preventing pulverization/aggregation of FeP during cycling, contributing

to long-term stabilization. Our findings in this work are expected to provide critical scientific
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insights in the development of high-performance and durable anodes for advanced LIBs

together with other battery chemistries.

METHODS

DFT calculations. The DFT calculations are performed by the Quantum-ESPRESSO suite of
codes. 8% 8 An energy cutoff of 40 Ry is employed, while both the atomic positions and lattice
parameters of pristine CN are allowed to fully relax until the Hellmann—Feynman forces on
each atom became lower than 102 eV A-l. The pristine CN, bare FeP particle, and FeP particle
on the P doped CN (also denoted as FeP@CN) are modeled by the supercell of carbon
nanosheet 3 % 3x 1 grids for the k-point sampling. The spin-polarized generalized gradient
approximation (GGA) in the form of Perdew—Burke—Ernzerhof (PBE) functional and DFT-D3
correction is employed for the atomic optimization and energy calculation.”® The adsorption
energy (E,q) of a single Li atom on the substrate (CN, FeP, and FeP@CN) is obtained according

to Equation (2),

E ad — E Li+substrate E substrate luLi (3 )
where E,, ., E_ , . and f,, are the total energies of the substrate with and without

considering a single Li atom adsorption, and the energy of Li obtained from the bcc metal phase.

The electron transfer between the Li atom and substrate is calculated by
Ap = pLHsubstrate - psubstrate - pLi (4)
where 0y, asvaes  Psbsrae» A0 0, are the electron densities of Li adsorbed structure,

substrate, and the isolated adsorbed Li atom, respectively.

Periodic boundary conditions are adopted for the simulation cell and a vacuum layer of at
least 15 A is added along the out-of-plane direction to eliminate the interactions between
adjacent sheet images. The charge transfer mechanism is studied by employing Bader charge
analysis. To analyze the energy barrier of the Li diffusion on FeP surface and the dissociation
from Li;P —> Li,P+Li, at least six transitional images are used in the climbing image NEB (CI-

NEB) calculation.
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Synthesis of ultrathin 3D carbon nanosheets. The ultrathin three-dimensional carbon
nanosheets are prepared as follows: 5 g sodium dihydrogen citrate is first annealed at 780 °C
for 2 h with a heating speed of 5 °C min! under an argon atmosphere. After cooling to room
temperature naturally, the black solid product is washed with 2 M HCI solution for 24 h to
remove sodium compounds thoroughly. Then the final product of the porous CNs is collected
by filtration, rinsed with distilled water and ethanol several times and dried at 70 °C for two

hours.

Synthesis of amorphous FeP@CNs composites and P-doped CNs. In a typical synthesis,
0.36 g Fe(NO3);3-9H,0 is dissolved in a mixed solution of 10 mL deionized water and 10 mL
ethanol under stirring for 10 min. Then 30 mg porous CNs are added in the above solution with
30 min ultra-sonication and 10 min stirring to form a homogeneous suspension. Subsequently,
2 ml of phytic acid (PA) is added dropwise. After another 30 min ultra-sonication and 10 min
stirring, the well-dispersed black suspension is dried at 70 °C overnight, and the final solid
mixture is annealed at 900 °C for 1 h under an Ar atmosphere. After that, the black products
are obtained, then wash by filtration with deionized water three times to remove the residue of
reactants, and finally dry at 80 °C under vacuum for overnight (> 12 hours). The P-doped CNs
are prepared by using 2 M hydrochloric acid (HCI) for 24h to remove the internal FeP
nanoparticles of the FeP@CNs composites.

Synthesis of bare FeP nanoparticles. 1 mM Fe(CH3;COO), is dissolved thoroughly in 30 mL
deionized water by stirring for 10 min. Then the solution is transferred into a Teflon-lined
autoclave and kept at 180 °C for 12 h. After cooling to room temperature, the Fe,O;
nanoparticles are obtained by washing and drying treatment. Subsequently, the Fe,O; and
NaH,PO, with the weight ratio of 1:30 are placed in two separate positions of the tube furnace,
with NaH,PO, at the upstream of a quartz tube. The samples are then heated under 500 °C for
3 h with a heating rate of 2 °C min™! in the Ar atmosphere. The FeP nanoparticles are obtained

after naturally cooling down to room temperature.

Material characterization. The morphology and microstructure of the as-prepared samples

are characterized by field-emission scanning electron microscope (FESEM, Hitachi SU-70),
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and transmission electron microscopy (TEM, FEI, Talos-F200, 200 kV). The crystal structure
and chemical compositions of the products are performed by X-ray diffraction (XRD,
PANalytical X’pert PRO X-ray diffractometer, Cu-K, radiation, 40 kV, 40 mA) and X-ray
photoelectron energy spectra (XPS, Kratos Axis Ultra-DLD system, Shimadzu Co., Ltd., Hong
Kong). Raman spectroscopy is carried out on HORIBA LabRAM HR Evolution Raman
spectrometer using an argon ion laser with a wavelength of 532 nm. Thermogravimetric (TG)
analysis is implemented from room temperature to 800 °C with a heating rate of 10 °C min’! by
using SDT-Q600 thermal analyzer in an air atmosphere. The ex situ Fe K-edge XAS spectra
are measured at beamline 5.3.1 at the Advanced Light Source (ALS), Lawrence Berkeley
National Laboratory (LBNL). The X-ray beam size is ~ 100 um x 100 um. The XAS spectra
are collected in total fluorescence yield mode. All the XAS spectra are measured under constant

helium flow in the sample chamber.

Electrochemical characterization. The electrochemical performances are evaluated in
CR2025 half cells and full cells which are assembled in a glovebox in an argon atmosphere.
The working electrodes are prepared by coating the slurry of the above active materials
(FeP@CNs, bare FeP, and CNs), Super P, and sodium carboxymethyl cellulose (CMC) with a
mass ratio of 80:10:10 using deionized water as the solvent on Cu foil. The electrodes are dried
at 80 °C under vacuum overnight before pressing and cutting into discs. The loading of the
FeP@CNs is about 1.0-1.2 mg cm™ on each of the discs. The capacity of FeP@CNs is
calculated based on the whole mass of FeP@CNs. Li foil is used as the counter electrode,
Celgard 2400 film is served as the separator and the electrolyte contained 1 M LiPF dissolved
in a mixture of ethylene carbonate (EC), diethyl carbonate (DEC) and dimethyl carbonate
(DMC) (1:1:1 by volume). The electrochemical measurements are carried out on a Neware
battery tester in a voltage window from 0.01 to 3.0 V. Cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) tests are conducted on a CHI 660E
electrochemical workstation (Chenhua, Shanghai). The full cells are assembled with
prelithiated FeP@CNs as the anode and LiFePO, (LFP) as the cathode. The prelithiation
process for FeP@CNs anode is conducted using half cells by discharging to 0.01 V at 0.2 A

g1, considering the low initial CE of about 67%. The cathode electrode is fabricated by mixing
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LFP (80 wt.%), Super P (10 wt.% ) and polyvinylidene fluoride (PVDF, 10 wt.%) is dissolved
in N-methyl-2-pyrrolidone (NMP) to form a slurry and spread onto Al foil. To balance the
capacity between cathode and anode, the cathode/anode ratio is controlled at about 1:1.2 to
ensure the optimized performance of the as-prepared full cell. The LiFePO,//FeP@CNs full
cells are galvanostatic charged/discharged between 1.0 V and 3.9 V. The capacity of the full
cell is calculated based on the mass of active material in the cathode.

As for sodium-ion batteries, sodium foils prepared from bulk sodium (Aladdin) serve as
the counter/reference electrode and the glass fiber (Whatman) acts as the separator. The
electrolyte is 1 M NaClO,4 in a mixture of ethylene carbonate (EC) and dimethyl carbonate
(DEC) (1:1 by volume). The working electrodes preparation process is the same as that in the

LIB described above.

In situ TEM observation. The in situ nanoscale electrochemical experiments are conducted
by using the Nanofactory TEM holder operated at 200 kV. The FeP@CNs sample and a piece
of Li metal are attached on and mounted to the individual side of the holder with Au and W
rods, respectively. Then the sample holder is quickly transferred into TEM (FEI, Talos-F200),
during which a thin native layer of Li,O is formed due to the exposure to air. The formation of
a Li,0 layer can serve as a solid electrolyte allowing Li* ion transport. Lithiation of FeP@CNs
took place after a negative bias is applied to the W rod, and the delithiation starts when the bias

is reversed to positive.
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Figure S1-S3 show the first-principles calculation results of the theoretical design of
advanced LIB anodes. Figure S4-S21 show the experimental SEM, TEM images, BET nitrogen
adsorption-desorption isotherms, XRD patterns, EDS mapping, HRTEM image, FFT image,
Raman spectra, HAADF image, XPS spectra and electrochemical performance for various

samples. Table S1-S4 show the DFT calculation results of the adsorption, elemental
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composition, and the summary of the lithium storage performance of our results and other
advanced anode materials. (file type, i.e., PDF).

Four in situ TEM videos (file type, i.e., mp4).
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