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Computational details

First-principles calculations were performed in the framework of density functional theory
(DFT) implemented in the Vienna ab initio simulation package (VASP).: 2 The exchange-
correlation functional was described by generalized gradient approximation (GGA) with the
Perdew-Burke-Ernzerhof (PBE) flavor.> # For geometry optimization, the plane-wave cut-off
energy was set as 500 eV. The Brillouin zone was sampled using a Monkhorst—Pack k-point mesh
scheme, and the meshes of I'-centered 5 x 5 x 1 were used for the 3 x 3 supercell. The
convergence criteria for energy and force were set to be 106 eV and 0.01 eV A-!, respectively. To
avoid the interlayer interaction, a vacuum layer was added in c-axis with the distance of 16 A. The
charge redistribution and transfer were quantitatively analyzed and estimated by the charge
differential analysis and Bader charge method.?

The formation energy AE of P atoms on Ti;C,0, monolayer was calculated by:

AE = ETi3CZOZPX - (xl‘P + ETL'36202)

(D

E-. E-.
where  13292Px and “T'3%292 are the total energies of Ti;C,0, with and without P atoms, Hp

represents the energy per P atom in the bulk form and x corresponds to the content of phosphorus
atoms in the substrate configurations.
The differential charge density was obtained as the difference between the charge density

before and after the bonding:°

AP(?) = pTi36202 - P(?) - PP(;) - pTi3C202(;) ?)

pric,0,-p() p (7 Pri.c,0,(T N
where 136202 #l ), pP(r)’ and T13C202() represent the charge density distributions of

Ti3;C,0,-P system, P atom, and bare Ti3;C,0, monolayer, respectively.



Figure S1 (a) Ti;C, T, MXene colloidal solution shows Tyndall effect. (b) SEM image of Ti;C,Ty
sheets on silicon substrate. (¢) AFM image of Ti;C,Ty sheets. Inset shows height profile of the
selected line on the upper sheet. (d) Photograph of Ti;C,Ty MXene aerogel.
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Figure S2 (a) Nitrogen isothermal adsorption/desorption curves and (b) corresponding pore width
distribution curves of MX, PMX1, PMX2 and CMX. Inset is the enlarged distribution curve at



small pore width.

Figure S3 (a) HRTEM image and (b) SAED pattern of PMX8. (¢c) HRTEM image and (d) SAED
pattern of PMX20. (e) FFT pattern of A region in (c).
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Figure S4 (a) Ti L, 3 edge and (b) O K-edge EELS spectra of MX, PMX2 and CMX, in which the
EELS intensities of two elements in each sample were normalized to their highest peak values in
Ti L, 3 edge EELS spectra. (c) O K-edge spectra for the three samples normalized to the first peak
intensity (peak 1 in the figure).
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Figure S5 Elemental mapping (Ti, O and P) of (a) PMXI1 and (b) PMX2.
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Figure S6 Peak fitting of Cls XPS spectra for MX, PMX1, PMX2 and CMX.

Figure S7. (a) Top and (b) side views of the Ti;C,0,-P system; (c) Differential charge density
distributions of Ti3C,0,-P, yellow and blue regions indicate electron accumulation and depletion,
respectively; (d) Electron localization function (ELF) maps of Ti;C,0,-P. The scale bar shows the
isodensity values of ELF. Ti, C, O, and P atoms are represented in blue, brown, red, and purple,
respectively.

Results

This phenomenon has been further proved by DFT calculations. The optimized structure of



Ti3C,0,-P system is shown in Figure S7a and b, based on the calculation of formation energy
between single P atom and Ti;C,0, substrate, the P atoms can be stably adsorbed above the O
atom with a low formation energy of -3.33 eV. Besides, the differential charge density clearly
visualizes the charge transfer from the P atom to the Ti;C,0, substrate and mainly to the O atom
with the value of 0.91 electron estimated by the Bader charge method (Figure S7c). To better
understand the bonding behavior, electron localization function (ELF) has been calculated and the
bonds between P—O atoms are covalent in nature (Figure S7d). These results confirm that the bond

of P-O can stably exist.



Figure S8. Before and after optimization of different P concentrations Ti;C,0,-P system. (a)
Ti3C,0,Pg 11, (b) Ti3C,0,Pg33 and (c) Ti3C,0,P. Ti, C, O, and P atoms are represented in blue,

brown, red, and purple, respectively.

Whether the P atoms can be adsorbed on the Ti;C,0, Mxene surface with high concentration is
further discussed from the calculation aspects. As shown in Figure S8, for the 3 x 3 supercell, a
single P atom can stably be adsorbed on the surface of the Ti;C,0, monolayer. However, when the
doping concentration is increased to 33%, the P atoms tended to form clusters with each other
instead of being adsorbed on the surface of the Ti;C,0,. This phenomenon is more obvious for the

full coverage adsorption of P atoms.
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Figure S9 P2p XPS spectra of PMX8 and PMX20.
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Figure S10 Ti K-edge EXAFS fitting results for (a) MX and (b) PMX2.

Table S1 Ti K-edge EXAFS fitting results. CN is the average coordination number, R is the
distance from absorbed atom, and ¢? the Debye—Waller factor. R-factor denotes a quality factor of

the fitting, and AE the energy shift from the absorption edge energy E,.

Sample Path CN AR, A R, A D-W AE, eV R-factor,
factor(c?), ' %
2
MX  TiOF  202)  0.092) 2.06(2)  0.004(2) 7.7 15
Ti-C  42(6)  -001(1) 2.18(1)  0.0092)  -6.5

Ti-Ti 7.8(4)  -0.042)  3.01(2)  0.009(1) 9.2




PMX2 Ti-OF  18(2)  -0.022) 1.952)  0.003(1) 4.9 1.2
Ti-C 3.8(4)  0.01(1)  2.15(1)  0.003(1) 9.7
Ti-Ti 592)  0.10(1)  3.03(1)  0.005(1) 7.3
Ti-P 0.7(5)  0.093)  3.483)  0.012(3) 6.9

Table S2 Comparison of capacitive performance of PMX2 and other reported
heteroatoms doped Ti;C,Tx MXene.

Samples Electrolyt Specific capacitance Cycling stability References
e
94.3 % retention
PMX2 1 M H,SO4 437F g a_t12 mv s 1_1 after 20000 cycles at ~ This work
and435FglatlAg 10 A ol
g
92 % retention after
N-Ti;C,Tx 1 M H,SO, 192F glat1 mV s’! 10000 cycles at 50 7
mV/s
N, S-Ti3C2TX 1M HZSO4 340 F g'l atl A g'l / 8
N-Ti;C,Tx 6 M KOH 190 F glat 5 mV s’! / 9
95 % retention after
V-Ti;C, Ty 2 MKCl 3659 F g'at 10 mV/s 5000 cycles at 10 A 10
g!
o .
Nb-TixC;Txy ~ 6MKOH  Maximum 442.7 F ¢! Zf(zesr 2/"0 ggtir;tclfez n
93.1 % retention
P-Ti;C, T, IM H,SO, 320Fg'at0.5Ag! after 5000 cycles at 12
5A ¢!
90.1 % retention
N, S- Ti;C, Ty IM Li,SO4 175F g'at2 mV s°! after 5000 cycles at 13
2Ag!
81.7 % retention
N-Ti;C,Tx 3 M H,SO, 927F g'at5mV s! after 20000 cycles at 14

10 A g!
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Figure S11 (a) CV curves of PMX8 and PMX20 at 20 mV s!, (b) GCD curves of the two samples
at 1 A g, (c) EIS plots of MX, PMXI1, PMX2, PMX8, PMX20 and CMX, (d) capacitance vs.
scan rates for the six samples, (e) gravimetric capacitance of the six samples at current densities
from 2 to 20 A g'!, (f) cyclic stability of PMX8 and PMX20 at 10 A g

Table S3 EIS fitting results for MX, PMX1, PMX2 and CMX.

MX PMX1 PMX2 CMX
R (£2) 0.2398 0.2467 0.2726 0.2296
Cqa (F) 0.0859 0.0851 0.0805 0.0476
R (2) 0.0607 0.0548 0.0586 0.0539
CPE-T 0.7027 0.9435 1.028 0.8507
CPE-P 0.9601 0.9369 0.9279 0.9418
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Figure S12 Capacitive contribution of MX, PMX1, PMX2 and CMX at scan rates from 2 to 50
mV s,
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Figure S13 Ex situ XRD spectra of (a) MX, (b) PMX2 and (c) CMX.

Figure S14 Photo for in-situ Raman device.
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Figure S15 Ti 2p XPS spectra of (a) MX, (b) PMX2 and (c) CMX at potentials of -0.35 and 0.3 V
vs. Ag/AgCl reference electrode.
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Figure S16 S 2p XPS spectrum for calibrating XPS results of MX, PMX2 and CMX.



AE=-2.43 eV

Figure S17 Top and side views of the hydrogen adopted in Ti;C,0,-P system. Ti, C, O, H and P

atoms are represented in blue, brown, red, flaxen and purple, respectively.

Based on Figure S16, the hydrogen atoms exhibit a strong binding effect with P atoms. Two H
atoms can be adsorbed on one P atom stably with the binding energy of -2.43 eV, which is
consistent with the fact that the five outermost electrons of the P element give it the ability to bond

to multiple atoms.



Figure S18 Differential charge density distributions of Ti;C,0,-P before (a) and after (b) the
surface P bonding with two protons. The yellow and blue-green regions indicate electron
accumulation and depletion, respectively. Ti, C, O, H and P atoms are represented in blue, brown,
red, flaxen and purple, respectively.

The differential charge density results (Figure S17a) show that the grafting of a phosphorus atom
on surface oxygen atom of MXene leads to 0.91 electron loss for phosphorus and 1.85 electron
loss for the titanium linked with oxygen and phosphorus. By comparison, when extra two protons
bind with the surface grafted phosphorus atom, 1.48 electron and 1.88 electron losses are observed

in phosphorus and the titanium linked with oxygen and phosphorus, respectively.
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Figure S19 (a) CV curves of MX- and PMX2-based symmetric supercapacitors at 2 mV s’!, (b)
specific capacitance vs. scan rates for MX- and PMX2-based symmetric supercapacitors, (c)
cyclic stability of PMX2-based supercapacitors at 5 A g!. Inset shows GCD curves at 1%, 5000,
and 10000 cycles, and (d) energy density vs. power density plot for MX- and PMX2-based

symmetric supercapacitors.
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