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1. Experimental data and literature comparisons

Figure S1. SEM images of Ni,P@NC nanorod growth from Ni foam after different pyrolysis times:
(A, B) 0 min (fresh nickel foam); (C, D) 5 min; (E, F) 30 min and (G, H) 60 min.



Table S1. Commonly reported synthesis methods for nickel phosphides

Nickel
phosphide
NioPt!
NizP!?
NizPl!
NizPH

NizPl]

NioPlo 7]
Ni, P8

Ni, P!
Ni; P10l
NiP-Nijl'!l

Ni2P-Nil!?!
NizP-Nil!3!
NigPs-
Nil'4l

NiP,-Nil!3]
Ni,P/Cle]

NiP/Cl17”
18]
Ni,P/C!]

Ni2P/CI2]

Ni2P@NC
This work

Morphology

Hollow
spheres

Nanoarray

Nanobelts

Nanocrystals

Nanoflakes

Nanoparticle

Nanorods

Yolk—shell
Nanoparticles

Honeycomb

Nanosheets

Arrays

Nanoparticles

Nanosheets

Carbon
support
Carbon
support
Carbon
support
Carbon
support

Nanorod
arrays

Synthesis
CVD

CVD

CVD
Solution-based

method
CVD

CVD
CVD

CVD
Solid-State
CVD

Solution-based
method
Hydrothermal
CVD

Solid-State
Solid-State

CVD

Hydrothermal

Solvothermal

Key: CVD = Chemical vapor deposition

Phosphorus source and precursor

NaH2POz + Prepared NiO hollow
spheres

NaH2PO2 + Prepared Ni(OH)2
nanoarrays

NaH2POz2 + Ni(SO4)03(OH)1.4
nanobelts

C24Hs51P + C10H16N1O4

NaH2PO:z +Prepared Ni(OH):
nanoflakes
NaH2PO:2 + NiCl2-6H20

NaH2POz:6H20 + Prepared Ni(OH)2
nanorods

PH3 + Prepared NiO yolk—shell
Phosphorus + Ni

NaH2PO:z + Prepared NiO-Ni
honeycombs

C24H51PO + Prepared Ni(OH)2-Ni
nanosheet

NaH2PO2-H20 + NiSO4-6H20+Ni
foam

NaH2POz + Prepared NiO-Ni

Red phosphorus+ Ni foam

Red phosphorus+ Ni(AC)2-6H20 +
carbon source

NaH2PO: + NiCl2-6H20 + Carbon
source

Red phosphorus + NiCl2-6H20 +
Carbon nanosheets

NaH2PO2 + Ni(NO3)2 + glucose

P-containing resin + nickel foam



Figure S4. SEM images of NC.
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Figure S5. N2 adsorption—desorption isotherms of NizP.
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Figure S6. N2 adsorption—desorption isotherms of Ni2P/NC.
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Figure S7. N2 adsorption—desorption isotherms of NC.
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Figure S8. XRD pattern of Ni2P@NC in 5 min.
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Figure S9. EDS analysis of nanorod array of Ni2P@NC in 30 min.
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Figure S10. CV curves of Ni2P powder at 0.2 mV s! between 0.01 and 3.0 V vs.

Li"/Li.
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Figure S11. (A) Discharge—charge curves of C-Niz2P against Li metal in LIB electrolyte
at 0.1 A g'. (B) Rate testing between 0.1 and 10 A g'. (C) Long-term cycling

performance at 0.1 A g\,
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Figure S12. CV curves of Ni2P powder at 0.2 mV s! between 0.01 and 3.0 V vs.

Na*/Na.
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Figure S13. (A) Discharge—charge curves of C-Ni2P against Na metal in SIB electrolyte

at 0.1 A g'!

. (B) Rate testing between 0.1 and 5 A g

. (C) Long-term cycling

performance at 0.1 A g\,
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Figure S14. EIS spectra and equivalent circuit for Ni2P@NC, Ni2P/NC, Ni2P and NC
as SIB anode materials, where Re, Ret, CPE and W, in the fitted equivalent circuit are
electrolyte resistance, charge-transfer resistance at the electrode/electrolyte interface,



constant phase element impedance and Warburg impedance, respectively.

Table S2. Cycling performance of reported Ni2P as LIBs anode material.

Nickel phosphide ~Maximum
and Ref. current

density (mA

gh
Ni2P@C/CNTsP! 200
Ni2P/C1?2] 500
Ni2P@C [%*] 200
Ni2P@CP¥ 100
NiP[?! 271
Ni2P/NG/NizP!?6] 300
Ni2P@Ck 100
Ni2P@Ck* 200
Ni2P@NC 5000
(this work)

Cycles

300
400
300
100
50
60
220
100

6000

Discharge capacities
(2nd cycle to final
cycle mAh g)

453 to 442
285 to 265
637t0 618
756 to 512
573 to 351
673 to 423
487 to 360
756 to 512
226 to 170

Decay
ratio
per cycle

(%)

0.008
0.018
0.009
0.324
0.791
0.619
0.119
0.323
0.004

Table S3. Cycling performance of reported Ni2P as SIB anode material.

Nickel
phosphide and
Ref.

Ni2P/NG/Ni2P

[26]

Ni:P@CP24
Ni2P@PSCP!
Ni2P@NPC!!6]
Ni2P@C 128!
Ni2P/3DG ]
Ni2P@NC
(this work)

Maximum
current

density (mA

g
500

100
50
1000
2000
200
2000

Cycles

300

300
100
300
1500
100
2000

Discharge capacities
(2nd cycle to final cycle

mAh g )

300 to 188

340 to 292

400 to 295

304 to 158

380 to 104
~880 to 402
179 to 151

Decay
ratio

per cycle
(%)
0.124

0.047
0.263
0.161
0.015
0.543
0.008



2. Energy calculations for NiP@NC as a LIB and SIB anode material

Determining the possible specific and volumetric energy contributions of the
Ni2P@NC anodes in LIBs and SIBs requires consideration of its voltage range in
relation to its capacity range. Over the 0.01 to 3 V cycling range (vs. Li or Na metal),
cycling at 0.1 A/g produced impressive specific capacities of 630 and 290 mAh/g,
respectively, at the 300" cycle. Fig. S15 shows that the half-cell charge voltage slopes
for both LIB and SIB cycling have an initial high capacity/voltage slope (dQ/dV)
followed by a lower dQ/dV slope at regions >50% of their full capacity. Since a low
average anode voltage is beneficial to the energy density in full cells, it can be
advantageous to sacrifice some capacity by choosing a lower voltage cutoff value on
the anode. Such a cell would thus require less balancing cathode mass to match the
lower capacity. Noting that the average full-cell voltage equals the average anode
voltage subtracted from the average cathode voltage, Fig. S15 shows average anode
voltages (red plots) preceding all possible cutoff values on the charge plots. Average
voltages were calculated by using the sum of all available voltage point values
(preceding all possible charge plot voltage points) divided by the number of preceding
points. For example, the average voltage preceding the full capacity of 630 mAh/g at
the 3 V vs. Li"/Li cutoff was ~1.5 V, while the average voltage at 400 mAh/g was as
low as ~0.55 V.
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Figure S15. Average voltages of Ni2P@NC in (A) LIBs and (B) SIBs. (A) Comparison
to graphite (0.15 V average) and capacity—mass-balanced LiNio.3Mno3Co00302 (NMC
333: 3.8 V average). (B) Comparison to a typical hard carbon anode (HC: 0.45 V
average) and Nao.76Mno sNio3Feo.1Mgo.102 (MNFM: 3.2 V average).

Fig. S15 also shows the mass ratio of cathode materials required to balance the
capacity of the anode over the full range of possible anode cutoff voltages. The
hypothetical cathodes shown are LiNio3Mno3Co00302 (NMC 333) for LIBs and
Nao.76Mno.sNio3Feo.1Mgo.1O2 (MNFM) for SIBs, which have maximum specific
capacities of ~200 and ~140 mAh/g and average discharge voltages of ~3.8 V vs. Li"/Li
and ~3.2 V vs Na'/Na, respectively %!, Also shown in Fig. S15 are the standard
anodes graphite (371.9 mAh/g at 0.15 V average) and hard carbon (HC: 250 mAh/g at
0.45 V average) for LIBs and SIBs, respectively [**31. At this point, the range of cell
specific capacities for full cells of Ni2P@NC/cathode combinations could be calculated

along with their average cell voltages.
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Figure S16. (A and B) Average voltages vs. cell specific capacity of
Ni2P@NC/cathodes in (A) LIBs and (B) SIBs. (C and D) Specific and volumetric
energy of Ni2P@NC/cathodes in (A) LIBs and (B) SIBs with labeled maxima points.

Fig. S16 A and B show the calculated plots of cell specific capacity vs. average cell
voltage for the LIB and SIB Ni2P@NC/cathode pairings over the full range of possible

average anode voltage cutoff points. From these plots, the cutoff delivering the
maximum specific energy (average cell voltage x cell specific capacity) can be found
from the maxima of curve plots (Fig. S16 C and D). In both LIBs and SIBs, no anode

voltage cutoff point for a Ni2P@NC/cathode pairing could produce more specific

energy than the standard graphite/NMC or HC/MNFM cells (Fig. S16 C and D). The



maxima were 435.4 Wh/kg for LIBs and 187 Wh/kg for SIBs, compared to 474.7

Wh/kg for graphite/NMC and 246.8 Wh/kg for HC/MNFM. These values amount to an

~8.3 and ~24% decrease, respectively, compared to graphite and HC cells. However,

in the case of volumetric energy, there is a calculable improvement over graphite and

hard carbon. The calculation of volumetric energy required first calculating the total

densities of the active materials used at the mass ratios in cells that yielded the

maximum specific energy (Table S4).

Table S4. Density of active materials in cells yielding maximum specific energy.

Ni;P@NC/NM  Crystal Mas Volu Packing | Graphite/N  Crystal Mass Volum Packing
C p S me p MC p g e p
LIB g/em® g cm? g/cm’ LIB g/cm’ cm’ g/cm?
Niz2P 7.558B4 085 0.113 3.775 Graphite 226087 1 0.442 1.13
NC* 1.5B 015 0.1 0.75 NMC 333 4.5 1.86 0413 2.25
Ni2P@NC 4.704 1 0.213  2.352 Cell 3342 286 0.856 1.671
NMC 333 4586 219 0487 225

2
Cell 4.562 3.19 0.7 2.281

2
Ni;P@NC/MN HC/MNFM
FM glem® g cm? g/em® SIB glem® g cm? g/cm?
SIB
Ni2P@NC 4.704 1 0.213  2.352 HC 1.5B3% 0.667 0.75
MNFN 4 Bl 1.20 0301 2 MNFM 4 1.786 0.446 2

5
Cell 4.291 220 0514 2.146 Cell 2.503 2786 1.113  1.251

5

Note: Packing p set to 50%
*NC assumed as HC (i.e., low p)

Multiplication of the cell density by the specific energy provided the volumetric

energy plots shown in Fig. S16 C and D. Owing to the high density of Ni2P@NC, the

maxima were 993.2 Wh/L for LIBs and 402.6 Wh/L for SIBs, compared to 793.2 Wh/L

for graphite/NMC and 308.8 Wh/L for HC/MNFM. These values amount to an

impressive ~25.2 and ~30.4% increase, respectively, compared to graphite and HC cells.




Therefore, while these values were theoretically determined, the use of the above

method gives a strong indication of the material’s possible volumetric energy

contribution. Furthermore, the above results reveal the impact of choosing the optimal

voltage cutoff for the anode in relation to cathode balancing for finding the energy

maxima. Finally, Fig. S17 completes the plots in Fig. SI15 to show the positions of

voltage cutoffs and cathode mass balance values for maximum energy usage (data

values shown in Table S5).
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Figure S17. Maximum energy density cutoff capacities and related voltages for
Ni2P@NC in LIBs and SIBs demarked by dashed lines (see Table S4 for cutoff values).

Table S5. Parameters for maximized energy of active materials.



1. LIBS

Ni,P @ NC (anode) NMC 333 (cathode) Ni,P @ NC/NMC 333 (cell)
mAh/g V cutoff Ave. V mAbh/g Ave. V g mAh/g Ave. V V cutoff Whvkg g/em3 Wh/L
438.4 1.26 0.63 200 3.8 2.19 1373 3.17 2.54 4354 2.28 993.2

2. SIBS

Ni,P @ NC (anode) MNFM (cathode) Ni,P @ NC/MNFM (cell)
mAh/g V cutoff Ave. V mAh/g Ave. V g mAh/g Ave. V V cutoff Whvkg g/em3 Wh/L
168.6 1.42 0.75 140 32 12 76.5 245 1.78 187.63 2.15 402.59 |
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