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Figure S1 (a, b) FESEM shows the morphology of bulk RP and (c, d) represents that of as-ball-
milled RP powders. The bulk RP chunks are rigid and are of few 10s of micron. Upon ball
milling of these bulk RP at 300 rpm for 150 mins under inert atmosphere resulted in ultra-fine
particles clustered together as micron particles: (¢) FESEM depicts the uniform distribution of
ball milled RP nanoparticles; TEM images show well dispersed RP nanoparticles (f) with
corresponding (insert) SAED pattern exhibiting its amorphous phase
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Figure S2 (a) AFM images of MXene nanosheets whose thickness is 2-3 nm (b) and lateral
dimension are of 200-400 nm (c¢).
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Figure S3 (a, b) FESEM shows the RP nanoparticles are dispersed over rGO sheets which were
then stacked layered in-between MXene nanosheets (c) and corresponding EDS mapping of
RP-rGO/MXene (d).



Figure S4 (a, b) FESEM shows flexible 1D MWCNT helped completely engulf the RP
nanoparticles providing enhanced particle-to-particle interconnectivity when blended with
MXene ink (d) and corresponding EDS mapping of RP-MWCNT/MXene (e)



Detail of XPS Calculations

Table S1: Relative amounts with total P 2p as 100%

Atomic % P 2p (tot =100 %)
Sample N N PP P-O
tot tot 130 eV 133-135 eV
MXene 0.6 100 - 100
RP/ MXene 5.4 100 27 73
RP-rGO/ MXene 4.7 100 14 86
RP-MWCNT/ MXene 27 100 10 90

The tables below are from the report, now shown with 2 decimals to use for the calculations:

Table Sla:

Relative surface composition in atomic %, quantified from XPS detail spectra.

Sample Atomic %
Substrate
surface: C (0] Ti P Cu Si F N Cl S VA
Si wafer
RP-
MWCNT/ | 31.90 | 26.16 | 23.77 | 2.68 - 0.40 | 11.80 | 1.16 | 2.13 - -
MXene
Curve-fitted carbon spectra - Table S1b:
Sample At‘j/m‘c C 1s tot =100 %
0
C
carbides Cl1 C2 C3 C4
C tot 2803 285.0 286.5-6 287.9- 289.2-3
) eV eV 288.1 eV eV
eV
RP-MWCNT/
MXene - Si 31.90 45.43 30 17 5 3
wafer

If assume that all carbides detected are Ti-C, that means from above:
45.43% x 31.90 atomic% C = 14.49 atomic% as Ti-C.




How much of the total Ti peak is then Ti-C?
14.49 atomic% Ti-C / 23.77 atomic% Ti o = 60.96% of the total Ti 2p peak

Curve-fitted P 2p spectra - Table Slc:

Sample Atomic % P 2p tot = 100 %
P1 P2
P tot P tot 130eV | 133-135 eV
RP-MWCNT/
MXene - Siwafer 2.68 100 10 89.57

If assume that all oxidized P at about 133-135 eV are signals from Ti-O-P, that means
from above:
89.57% x 2.68 atomic% C = 2.40 atomic% oxidized P (assume all is in the form of Ti-O-P).

How much of the total Ti peak is then Ti-O-P?
2.40 atomic% Ti-O-P / 23.77 atomic% Ti o = 10.10% of the total Ti 2p peak

Curve-fitted O 1s spectra - Table S1d:

Sample Atomic % O 1s tot = 100 %
o1 02
O tot O tot 530-531 eV | 532-534 eV
RP-MWCNT/
MXene - Si wafer 26.16 100 37.31 63

If assume that all inorganic O at about 530-1 eV are signals either from TiO, or Ti-O-P,
that means from above:

37.31% x 26.16 atomic% C = 9.76 atomic% as inorganic oxides

Of these are 2.40 atomic% from Ti-O-P, so what remains for TiO, is: 9.76-2.40 atomic% =7.36
atomic%

How much of the total Ti peak is then TiO,?

7.36 atomic% / 23.77 atomic% Ti o = 30.96% of the total Ti 2p peak

We have performed curve-fit for the Medium-resolved Ti 2p spectra (sample on Si wafer,
spectra 23 - sufficient to curve-fit only the Ti 2p*? peak) - see below — possible after the many
different assumptions mentioned above.

To summarize the assumptions made:
e all carbides detected are in the form of Ti-C
e all oxidized P at about 133-135 eV are signals from Ti-O-P
e all inorganic O at about 530-1 eV are signals either from TiO, or Ti-O-P



For curve-fitted the following values were use:

Component Peak positions used, (in | Obtained peak position
eV) [Ref] (eV) in this work
Ti-C 455.4 [3] “g00d enough”
Ti-C 455.1 8] 455.5
Ti-O-P 456.4 [8] 456.6
TiO, 458.6-459.3 [20] 458.2
Values obtained — “good enough”:
How much of the total Ti peak is then Ti-C? 60.96% of the Ti 2p peak  60.3 %
How much of the total Ti peak is then Ti-O-P? 10.10% of the Ti 2p peak 9.6 %
How much of the total Ti peak is then TiO,? 30.96% of the Ti 2p peak  30.2 %

Total: 102 %, so aimed for slightly lower values

Medium resolved Ti 2p spectra: Ti2p:23 (RP_MWCNT_MXene)

Ti 2p:23(RP_NMWCNT_Miene)
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Curve-fit of three peaks corresponding to Ti-O, Ti-C and Ti-O-P:

Ti 2p:23(RP_IMWCNT _MXene)
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Figure S5 Electrochemical performance of MXene as anode for: (1) LIB cycled between 0.002
—3 Vusing 1 M LiPFg in 1:1 (v/v) EC:DEC electrolyte; (2) SIB cycled between 0.002 —2 V
using 1 M NaPFg in 1:1 (v/v) EC:DEC + 10 vol.% FEC electrolyte.
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Figure S6 Electrochemical performance of RP composites as anode for LIB, SIB and KIB
(a,c,e) cyclic voltammetry of 5 cycles obtained at 0.1 mV s!; (b,d,f) charge-discharge of 15t &
2nd cycles 50 mA gl
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Figure S7a,b GITT discharge plot and corresponding K* chemical diffusion coefficient in the
composites at various voltage. GITT was measured after 2" charge-discharge cycles to evade
the effect of solid-electrolyte-interface formed during first cycle. (c) Nyquist plot of
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electrochemical-impedance-spectroscopy (EIS) of fresh KIBs of various composites.
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Table S2: Comparative electrochemical performance of additive-free RP-MXene electrodes for lithium-ion and Sodium-ion batteries with

literature reports

Lithium-ion battery

Synthesis, Morphology Wt.% Pin | Resistance | Potential Current Initial capacity | Capacity retention Rate test Ref.
composite | to charge (Vvs rate (Discharge/ (mA h g1)/ (cycles) | (mA g?), (cycle)/
transfer Li*/Li) (mA g?) Charge) current density capacity
(Rety Ohm) (mAhg?) (mAg?) (mAhg?)
Binder-free electrodes | ~50.0 - 55 0.02-3.0 50 2784/ 1673.1 | 1077.6 (500) 260 500 (100) Present
prepared by hand blending 70.0 263.3 1293.7 work
of RP nanoparticle with low (10000)2600
dimensional carbonaceous
materials in viscous and
conducting MXene ink
Ball milling of RP and Ti3C, T, 29.5 ~200 0.00-3.0 50 906 ~585.3 (1000) 1000 (5) 197 [9]
powders in NMP solvent at 200
1000 rpm for 40 mins.
TisC,T,/CNTs@P ~50.0 50.11 0.01-3.0 50 2598 2078 (500) 50 78k (5) 454 [3]
nanohybrid by loading red P
into a Ti3C,T,/CNT hybrid
network viaa  ball-milling
method
chemical vapor deposition 27.17 ~150 0.01-3.0 100 1160.4/666.5 | 2499 (1000) 500 | 2000 (5) ~350 [6]

method to
prepare walnut-like
structure N-doped TisC,T,
MXenes/P

—
[\




composites (N- TizC;Ty /P)

Black phosphorus quantum 12.0 ~160 0.005 - 50 1730 520 (2400) 1000 | 167 (2000) 10 [4]
dots/ Ti3C, MXene 3.0
composites
Sodium-ion battery
Morphology Wt.% P in | Resistance | Potential Current Initial capacity | Capacity retention Rate test Ref.
Synthesis Method composite | to charge (Vvs rate (Discharge/ (mA hg-1)/ (mA g-1),
transfer Na*/Na) (mA g?) Charge) (cycles) current (cycle)/ capacity
(R, Ohm) (mAhg?) density (mAhg?)
(mA g-1)

Binder-free electrodes | ~50.0 - 541.2 0.01-2.0 50 2716.2/ 371.6 (100) 500 193.3 (2000) | Present
prepared by hand blending 70.0 1767.8 10 work
of RP nanoparticle with low
dimensional carbonaceous
materials in viscous and
conducting MXene ink
Ball milling of RP and TisC,T, 29.5 - 0.00-2.5 50 863.8 370.2 (200) 50 - [9]
powders in NMP solvent at
1000 rpm for 40 mins.
Black phosphorus quantum 12 ~1300 0.005 - 50 ~723 ~<100 (1000) ~<100 (2000) (4]
dots/ Ti5C, MXene 3.0 1000 10
composites
RP assisted ball-milling of 40 - 0.01-2.0 100 ~1500 ~1000 (150) 100 750 (1000) 5 [7]
Ti3C,T, nanodot composite
Black phosphorus/ TisC, 16.67 - 0.01-3.0 100 1280/ 661.9 80 (100) 500 67.3 (1000) 5 [10]

MXene nanocomposite by
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ball-milling method
PDDA/Black  phosphorus 38.4 127.6 0.01-3.0 100 2588/ 1780 658 (2000) 1000 461 (2000) 5 [8]
and TizC, MXene
Heterostructures
2D Phosphorene/ TisC,T, 19.6 - 0.00-3.0 100 845/ 533 467 (100) 100 266 (2000) 5 [11]
MXene Nanoarchitecture
Potassium-ion battery
Morphology Wt.% P in | Resistance Potential Current | Initial capacity Ref.
Synthesis Method composite | to charge (V vs Lit/Li) rate (Discharge/
transfer (mA g?) Charge)
(Rety Ohm) (mAhg?)
Binder-free electrodes prepared by hand blending of RP | ~50.0 - 93.24 0.01-2.5 50 2341.6/ Present
nanoparticle with low dimensional carbonaceous materials in 70.0 732.8
viscous and conducting MXene ink work
Confine nanoscaled red P within a porous carbon structure ~52 - 0.01-2.0 20 706/ 416 [12]
Phosphorus/carbon composite, obtained by a ball-milling ~20 - 0.001-3.0 20 1678.4/ [13]
795.2
Red Phosphorus Nanoparticle@3D Interconnected Carbon ~63.9 1354 0.01-2.0 100 1212/ 715.2 [14]
Nanosheet
Black phosphorus/ Graphite composite by ball milling ~50 - 0.01-2.0 50 ~900/617 [15]
Red phosphorus/ Carbon composite by ball milling ~36 - 0.01-25 25 914.8/ 624.5 [16]
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RP/ carbon nanotube-backboned mesoporous carbon by vapor ~40
condensation technique

0.01-2.0

50

772.8/ 490.9

(17]

Note: Table compares the Electrochemical performance of present work with the available reported (Red or Black) P - MXene based composite

literatures.

(1) We reported the highest active RP loading of ~50 - 70 wt.% in the additive-free MXene electrodes as compared to other reports as negative

electrodes for MIBs (M = Li, Na, K).

(2) Our works shows highest initial discharge and charge capacity, respectively, for LIB (2784 and 1673.1 mA h g!), SIB (2716.2 and 1767.8 mA h

g'1) as compared to others reported.

(3) The present works outclassed other reports in term of capacity retention of 1077.6 mA h g! at 500 mA g! for 500 cycles and 263.3 mA h g! at

2600 mA g'! (1 C) for 10000 cycles for LIB anode.

(4) We are the first to report MXene based composite as anode for KIB with highest discharge and charge capacity of 2341.6 and 732 mA h g,

respectively, compared to RP-carbon based electrodes. The electrode suffered fast capacity fade in the long run maybe due to high volume change

(~400 %) during discharge-charge process. Further study is required to mitigate this loss so as to harness high energy density KIB.
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Figure S8 Nyquist plot of electrochemical-impedance-spectroscopy (EIS) of fresh MIBs: (a)

LIB; (b) SIB and (c¢) their equivalent circuit.
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Table S3 Electrochemical Impedance values of Nanocomposites for various MIBs

MIBs LIB SIB KIB
Nanocomposites R, R Ca (uF) R, R Ca (uF) R, R Ca (uF)
(Ohm) | (Ohm) (Ohm) | (Ohm) (Ohm) | (Ohm)
MXene 10.71 257.0 9.88 7.85 381.10 197.0 - - -
RP/MXene 5.53 311.0 6.74 7.09 641.25 52.7 146.3 589.0 43.5
RP-rGO/MXene 3.73 77.0 2.20 5.44 621.30 12.8 101.4 167.3 233
RP-MWCNT/MXene 2.61 55.0 4.58 4.90 541.20 24.6 51.5 93.24 13.5
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Figure S9 FESEM morphological analysis of electrodes after cycling as anode for LIBs: (a,b)
RP-MWCNT/MXene after 10000 cycles; (c,d) RP-rGO/MXene after 100 cycles and (e,f)
RP/MXene after 100 cycles.
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Figure S10 Elemental composition of RP-MWCNT/MXene after 10000 LIB cycles.
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Figure S12 Elemental composition of RP-rGO/MXene after 100 LIB cycles.
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