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Characterizations

The resulting samples were characterized using SEM (Zeiss, 5.0-20.0 kV), XRD (AXIS Ultra) and
XPS (Bruker D8 diffractometer). The Raman spectroscopy was performed with the LabRAM HR
Evolution Raman microscopes (HORIBA), and an Argon laser (4 = 514 nm, National Laser Model
800AL) was used as the excitation line. The N, adsorption-desorption isotherms were measured by a
Micromeritics ASAP 2020 Brunauer-Emmett-Teller (BET) analyzer. The STEM, STEM-EDS and
EELS studies were conducted using a JEOL ARM200F atomic resolution analytical electron
microscope equipped with a cold field-emission gun and a new ASCOR 5™ order aberration
corrector, an Oxford X-max 100TLE solid state detector and a Gatan Quantum ER spectrometer. The
X-ray absorption find structure spectra (Ti K-edge) were collected at 1W1B station in Beijing
Synchrotron Radiation Facility (BSRF). The storage rings of BSRF were operated at 2.5 GeV with a
maximum current of 250 mA. Using Si (111) double-crystal monochromator, the data collection was
carried out in transmission mode using ionization chamber. All spectra were collected in ambient

conditions.
Electrochemical characterization and calculations

All the SCs were characterized by an electrochemical workstation (Solartron 1470E) at room
temperature. The CV and GCD measurements were conducted at room temperature to evaluate the

electrochemical performance of SCs. The C,yciecnroqe 0f MXene and BP@MXene film electrodes

. . . 1 .
were calculated by their CV curves on the following equation: Cyy; — electrode = zvs 1l ﬁvj dV, where j is

the discharging current density (A cm?), [ f)wjdV is the integrated area of CV curve, AV is the
potential window (V), and s is the scan rate (V s !). The C,y/.clecirode Of MXene and BP@MXene film
electrodes were calculated by their GCD curves on the following equation: C; — electrode = — II,TA‘L;,
where [ is the discharging current (A), AV/At is the slope after drop at the beginning of each

discharging curve, V is the geometrical volume of film electrodes. The volumetric energy density
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against two electrodes (E,o/ciectrode) I device was calculated using the following formula: E,o/ crecrrode
= CyolelecrodeU?/8, Where U is the operating voltage. The volumetric energy density against the entire
SC stack (E,oisucr) Was obtained based on the following formula: E, i quck = Evorciectrode X felectrodes
where f.iecoqe 18 Volume fraction of the electrode materials. The entire device stack includes two
electrodes with electrolytes, two current collectors (Pt foils), one separator and parafilm packaging.
The thickness and areal mass of one membrane separator with electrolyte are ~25 um and ~ 3 mg cm-
2, the thickness and areal mass of one Pt current collector are ~20 pm and ~ 5.8 mg cm; the
thickness and areal mass of total wrapped parafilm package are ~100 pum and ~ 15 mg cm™; the
thickness and areal mass of one thick electrode (15 mg cm? per film electrode) with electrolyte are
~225 pum and ~ 25 mg cm™. The E,,.qq Were normalized by the total volume of the entire device
with only consideration of electrode area, which is similar to the approach used in recent reports.!?
The various power densities of the device (P) were calculated from the following formula: P = E/A¢,

where At is the discharge time.
Computational details

In this paper, the DMol3 module based on DFT using a numerical radial function was employed to
view EMIM*/TFSI- ions performance of MXene and BP@MXene capacitive energy storage.> The
generalized gradient approximation (GGA) with Perdew—Burke—Ernzerhof (PBE) function
exchange—correlation potential was employed for the geometry optimization.* The basis set adopted
the double numerical basis plus polarization function (DNP).> The special k-point sampling scheme
of Monkhorst-Pack was used for approximating the Brillouin zone integrations,®” and 1 x 2 x 1 &-
point grids were used. The spin-unrestricted and auto multiplicity state were also employed to
calculate the total electron densities. Geometrical optimization was made, and convergence was
assumed when the convergence tolerance of energy, maximum force and maximum displacement

were less than 1.0 x 105 Ha, 0.002 Ha/A and 0.005 A, respectively. For achieving high quality
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results, the real space global orbital cutoff radius was set as 5.2 A and the smearing of orbital

occupancy was 0.005 Ha.

Models for EMIM*/TFSI- ions adsorbed on activation sites constructed to confirm the most stable
adsorption models. After geometric optimization, the adsorption energies (Es) of these molecules

were calculated through the following equation:
Eg=Es« —(E«+ Ey)

Where, E«, and E« are the energies of MXene or BP@MXene with and without adsorption
molecules, respectively. E, is the energy of a free molecule of the adsorption molecule. From this
definition, a negative value of Eg indicates that the formation process is exothermic, and a more

negative value corresponds to a more readily and preferred generation scenario.
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Figure S1. SEM images of (a) Ti3AlC, MAX and (b) etched multilayered Ti;C,Tx MXene. (c) Low-

magnification TEM image of Ti;C, Ty, MXene. (d) XRD patterns of Tiz;AlC, MAX and Ti;C,Ty
MXene.
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Figure S2. Schematic illustration of synthesizing BP@MXene composites with strong Ti-O-P bonds

via in situ reaction at high temperature.
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Figure S3. (a) SEM images of (a) the alkali-induced 3D crinkled Ti;C,(OH)y flakes and (b) the
heterostructured BP@MXene composites. The inset in Figure (a) shows a free-standing hydrogel

formed by Ti;C,(OH)y flakes.
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Figure S4. XRD patterns of BP, MXene and BP@MXene composite.
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Figure S5. STEM-HAADF image (a) and the corresponding EDS results (b) of BP@MXene

composite.
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Figure S6. (a) XPS survey scans of MXene and BP@MXene composite. (b) High-resolution XPS

spectra of P 2p of the BP@MXene composite and BP.

S10



(a) = MXene (b)‘l 0 — BP@MXene
~ 0.2 = BP@MXene ——Fit
e
‘E — Ti foil 84
=
S 0.1 =
g =
= = 4
£ 0.0 =
@
=
z 24
-0.1 4 0
4960 4980 5000 5020 5040 0 1 2 3. 4 5 6
Photon Energy (eV) R (A)
(©) (d)
—— MXene 3. ——BP bulk
6 Fit - — BP@MXene
=
2 2-
5 |
= 4- = 1
= = 14
s :
; = 0 \ Wy ——
2- ]
=
ERE
0 T T T T T '2 T T T
0 1 2 3. 4 5 6 2140 2160 2180 2200
R (A) Photon Energy (eV)

Figure S7. (a) The corresponding first derivatives of BP@MXene composites, MXene, Ti foil and
TiO, at Ti1 K-edge XANES spectra. The corresponding EXAFS R space fitting curves of (b)
BP@MXene composites and (¢c) MXene. (d) The corresponding first derivatives of BP@MXene

composites and BP bulk at P K-edge XANES spectra.
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Table S1. EXAFS fitting parameters at the Ti K-edge for various samples.

Sample Shell N R(A) | 62 (A2x 103) | 4E)(eV) | R factor (%)
Ti-O(C) 5.4 2.08 12.0 0.9
BP@MXene
Ti-Ti 6.9 3.02 7.3 7.9 0.4
Ti-Ti 1.4 3.42 6.5 2.7
Ti-O(C) 3.4 2.06 7.0 3.4
MXene Ti-Ti 6.0 2.99 6.9 8.0 0.6
Ti-Ti 1.4 3.48 6.5 2.7

2N coordination numbers; ?R: bond distance; ‘6?: Debye-Waller factors; YAEj: the inner potential
correction. R factor: goodness of fit. S02 for Ti-N/Ti-Ti were set as 0.85/0.9, which were obtained
from the experimental EXAFS fit by fixing CN as the known crystallographic value and was fixed to
all the samples.’-1°

Notes: Error bounds (accuracies) that characterize the structural parameters obtained by EXAFS

spectroscopy were estimated as N £ 20%-+ 62 +20%; R £ 0.03 A.

The acquired EXAFS data was processed according to the standard procedures using the
ATHENA module implemented in the IFEFFIT software packages. The k*-weighted EXAFS spectra
were obtained by subtracting the post-edge background from the overall absorption and then
normalizing with respect to the edge-jump step. Subsequently, k*-weighted y(k) data of Ti-K-edge
were Fourier transformed to real (R) space using a hanning windows (dk = 1.0 A-!) to separate the

EXAFS contributions from different coordination shells. To obtain the quantitative structural
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parameters around central atoms, least-squares curve parameter fitting was performed using the

ARTEMIS module of IFEFFIT software packages.
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Figure S8. Top and side views of the slab models used to describe the (a) Na* ion and (b) SO4* ion
adsorbed on MXene, respectively. Atoms in yellow, black, purple and blue represent Ti, C, O and P,

respectively.
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Figure S9. Top and side views of the slab models used to describe the (a) Na* ion and (b) SO4* ion
adsorbed on BP@MXene, respectively. Atoms in yellow, black, purple and blue represent Ti, C, O

and P, respectively.
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Figure S10. Top and side views of the slab models used to describe the (a) EMIM* ion and (b) TFSI-
ion adsorbed on MXene, respectively. Atoms in yellow, black, purple and blue represent Ti, C, O

and P, respectively.
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Figure S11. Top and side views of the slab models used to describe the (a) EMIM* ion and (b) TFSI-
ion adsorbed on BP@MXene composite, respectively. Atoms in yellow, black, purple and blue

represent Ti, C, O and P, respectively.
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Figure S12. The calculated binding energies of the most stable EMIM* and TFSI- adsorption sites on

MXene and BP@MXene.
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Figure S13. (a, b) Calculated charge density distribution differences between MXene

BP@MXene adsorbed with EMIM™ and TFSI- ions.
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Table S2. The adsorption energies for Na* ion and SO,* ion adsorbed on MXene and BP@MXene

composite, respectively.

Adsorption
Sample Adsorption type
energy (eV)
MXene-Na*-1 -0.35
MXene-Na*-2 -0.46
MXene

MXene-SO4*-1 -0.51
MXene-SO -2 -0.66
BP@MXene-Na*-1 -4.28
BP@MXene-Na*-2 -4.41

BP@MXene
BP@MXene-SO,>-1 -5.64
BP@MXene-SOQ,2-2 -6.41
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Table S3. The adsorption energies for EMIM* ion and TFSI- ion adsorbed on MXene and

BP@MXene composite, respectively.

Adsorption
Sample Adsorption type

energy (eV)

MXene-EMIM™*-1 -0.49

MXene-EMIM™-2 -0.49
MXene MXene-EMIM*-3 -0.57
MXene-TFSI-1 -0.23

MXene-TFSI--2 -0.42

BP@MXene-EMIM*-1 -1.73
BP@MXene-EMIM*-2 -1.73
BP@MXene-EMIM*-3 -0.39

BP@MXene

BP@MXene-EMIM*-4 -3.66

BP@MXene-TFSI-1 -0.3
BP@MXene-TFSI-2 -2.47
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Figure S14. The cross-sectional SEM images of lamellar structured BP@MXene film (a) and MXene

film (b).
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Figure S15. XRD patterns of MXene and BP@MXene films.
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Figure S16. CV curves of the BP@MXene film electrode in three-electrode electrochemical cell at

various scan rates ranging from 2.0 to 1000 mV s~! in 1.0 M Na,SOy electrolyte.

In 1.0 M Na,SO, electrolyte at neutral pH, the free-standing BP@MXene film was evaluated as a
working electrode in a three-electrode electrochemical cell (Ag/AgCl as the reference electrode; Pt
foil as counter electrode), which was saturated by N, before testing. As show in Figure S16, the
stable operation potential window of the BP@MXene film electrode can be observed between —0.8
and 0.0 V, which is consistent with the previously reported results of MXene-based electrodes texted
in neutral electrolytes. Moreover, all CV curves from the scan rates of 2.0-1000 mV s present

nearly rectangular shapes, indicating the capacitive behaviour and the outstanding reversibility of the

BP@MXene film electrode.
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Figure S17. (a) EIS plots and (b) the corresponding equivalent circuit of MXene and BP@MXene-

SCs in 1M Na,SOy, electrolyte.

As shown in Figure S17(b), the impedance data were analyzed by fitting with an equivalent
circuit consisting of the series resistance (R;), charge transfer resistance (R.), double layer
capacitance (Cp,) and Warburg impedance (Zy). At high frequency range, the value of the intercept
at the real axis is used to estimate the Rg of the electrodes, which is the combination of the ionic
resistance of the electrolyte and the resistance of the electrode material itself. The semicircle
diameter in the plot corresponds to the R, also called Faraday resistance, corresponding to the total
resistance at the interface between the electrode and the electrolyte. In addition, Rgsg is the
equivalent series resistance of the device, which was calculated via dividing the voltage drop (Uyy,p)
at the beginning of the discharge by the applied constant current (/) using the formula: Rggz =
Uurop/21. 1t should be noted that the Rggz of an SC is related to both Ry and Rcr in the electrodes.
Figure S17 (a) and Table S4 present the R, values of the BP@MXene-SC and MXene-SC in 1.0 M
Na,SO, electrolyte are 2.94 Q and 2.28 Q, showing almost no variation in the total resistance
between BP@MXene and MXene films. However, the R, of the SCs decreases from 5.35 Q to 2.92
Q after the introduction of BP nanoparticles onto the surface of MXene flakes, demonstrating that
BP nanopartilces can not only serve as effective nanospacers to expand the nanofluidic channels of

MXene multilayers in the compact film electrode, thereby accelerating electrolyte ion transportation,
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but also effectively isolate the aggregation and face-to-face self-restacking of MXene flakes during
film electrode fabrication processes. Furthermore, an Rggz of 5.86 Q and 7.63 Q was obtained for the

BP@MXene-SC and the MXene-SC respectively.

Table S4. Fitting results for EIS of the two SCs in 1.0 M Na,SO, electrolyte.

BP@MXene-SC 2.9 2.9 5.8 0.76321 0.68479

MXene-SC 2.28 5.35 7.63 0.78468 0.65347
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Figure S18. Linear relations between Z,, and w2 of (a) BP@MXene-SC and (b) MXene-SC in 1.0

M Na,S0, electrolyte.

To understand the kinetics of electrolyte diffusion within BP@MXene film electrode, the
depressed semicircle at medium frequencies presenting the ion-diffusion resistance was fitted via

following equation,
Zw= Rs+ Ry + ow /2

, where o is the Warburg factor (the diffusion coefficient of Na* ions [Dy,+], which is inversely

proportional to 62 [Dye + < 1/0?]), and w is the frequency.
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Figure S19. CV curves at a scan rate of 1000 mV s™! of MXene and BP@MXene-SCs in 1.0 M

Na,SOy electrolyte.
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Figure S20. CV curves of BP@MXene-SC at various scan rates ranging from 2.0 to 1000 mV s! in

1.0 M Na,S0O, electrolyte.
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Figure S21. (a) CV curves of BP@MXene-SC at various scan rates ranging from 2.0 to 10 V s7! in

1.0 M Na,SOy electrolyte. (b) Plot of discharging currents versus scan rates for the BP@MXene-SC.
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Figure S22. Comparisons of CV curves at a scan rate of 2.0 mV s™! of BP and BP@MXene-SCs in

1.0 M Na,S0O, electrolyte.
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Table S5. Comparison of electrochemical performance of BP@MXene film electrode with

previously reported MXene-based electrodes in different electrolytes.

Maximal volumetric

Electrode Electrolyte capacitance of electrode | Scan rate Capacitance retention Refs
) () (mVs™) (%)
(Cvol—electrode’ F Cmi3)
Neutral Electrolytes
BP@MXene 781.6 2-1000 91.2% Thi
1.0 M Na,SO, Work
MXene 452.3 2-1000 60.9%
d-Ti;C, 1.0 M Li,SO4 633 2-200 51.0% [11]
MnO,-Ti5C, 1.0 M Li,SO4 602 2-200 39.0% [12]
Ti;C,T/SWCNT 1.0 M MgSO4 390 2-200 71.8% [13]
Acidic Electrolytes
MXene/rGO 3.0 M H,SO4 1040 2-1,000 61.0% [14]
PEDOT:PSS
1.0 M H,SO4 949 2-1,000 33.3% [15]
/M01.33C
PANI@M-Ti;C, Ty 3.0 M H,SO4 1632 10-5,000 50.7% [16]
Ti3C, Ty hydrogel 3.0 M H,SO,4 1500 2-1,000 53.3% [17]
Ti3C, Ty clay 1.0 M H,SO, 900 2-100 80.2% [18]
MX-rHGO; 3.0 M H,SO, 1445 2-500 69% [19]
Mo,CTy 1.0 M H,SO4 900 2-100 64.3% [20]
Na-V,CT, 3.0 M H,SO4 1315 5-1000 45.6% [21]
Alkaline Electrolytes
RuO, xH,0 PVA/KOH
864 1-2000 35.1% [22]
@MXene-AgNW gel electrolyte
d-Ti;Co/CNT 6.0 M KOH 393 5-100 80.0% [23]
Ti;C, To/SWCNT 1.0 M KOH 314 2-100 65.3% [24]
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ZnO/Ti3C, 1.0 M KOH 200 2-100 75.0% [25]

MXene Paper 1.0 M KOH 442 2-100 62.2% [26]

Note | rGO-reduced graphene oxide; PEDOT:PSS—poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate; MX-rHGOs;-MXene-reduced holey graphene oxide; CNT—carbon nanotube; SWCNT-
single wall carbon nanotube; d-Ti;C, MXene—delaminated Ti;C, MXene.
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Figure S24. Schematic illustration of (a) preparing IL pre-intercalated BP@MXene film and (b)
fabricating symmetric supercapacitor based on IL pre-intercalated BP@MXene film. Comparison of
(¢c) CV curves tested at 50 mV s, (d) volumetric capacitances and (d) EIS plots of IL pre-

intercalated BP@MXene and MXene-SCs.

Indeed, various ionic liquids (ILs) have been recently employed for MXene-based SCs, which
allow for the expansion of their maximum device voltage (up to ~3.0-3.5 V), but the insufficient
accessibility to the large ions of ILs impedes the full utilization of the surface area thus leading to
poor capacitance and rate capability. In this regard, we developed a reported strategy to obtain IL
pre-intercalated BP@MXene compact film with a high ion-accessible surface area and low ion
transport resistance (Figure S24a).?” To investigate the importance of IL pre-intercalation into the
BP@MXene film for the performance enhancement of SCs, we assembled two different kinds of SCs

based on IL pre-intercalated BP@MXene film and dried BP@MXene film (drying at 120 °C for 24 h
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under vacuum, Figure 24b-d), respectively, and the electrochemical performance of as-assembled
SCs were tested in neat 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
(EMIMTEFSI) electrolyte with a working voltage of 3.0 V. Note that the EMIMTFSI IL is primarily
chosen in our work because of its high viscosity and high specific conductivity. Figure S242(c)
shows the CV curves of both two SCs at a scan rate of 50 mV s!, in which the IL pre-intercalated
BP@MXene film delivers obviously higher integration area than dried BP@MXene, indicative of
the improved C,, of IL pre-intercalated BP@MXene-SC. As a result, the IL pre-intercalated
BP@MXene film delivers a C, of 332.6 F cm™ (Figure 24d), which is 1.58 times higher than that of
dried BP@MXene film (210.8 F cm™3). It should be noted that the redox peaks in CV curves resulted
from the insertion and extraction of EMIM™ cations during charge and discharge processes.
Furthermore, the electrochemical impedance spectrum (EIS) of IL pre-intercalated BP@MXene-SC
presents a lower charge transfer resistance (R,,) in the high-frequency region and a larger slope in the
low-frequency region (Figure S24e), in comparison with that of dried BP@MXene-SC, reflecting a
faster ion dynamics and more efficient electrolyte diffusion within the IL pre-intercalated
BP@MXene film electrode. These above-mentioned results indicate that the pre-intercalation of the
IL electrolyte into BP@MXene film with expanded interlayer spacing can intensively accommodate
more available ions, providing a high ion-accessible surface area and low ion transport resistance,
and thus dramatically increase the overall electrochemical performance of BP@MXene active

materials.’
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Figure S25. CV curves of the IL pre-intercalated BP@MXene film electrode in a three-electrode
Swagelok cell at various scan rates ranging from 2.0 to 500 mV s! in neat EMIMTFSI IL

electrolyte.

The IL pre-intercalated BP@MXene film was evaluated as the working electrode in a three-
electrode Swagelok symmetric cell (an Ag wire as quasi-reference electrode and a commercial
activated carbon as counter electrode) in neat EMIMTFSI IL electrolyte at room temperature. As
shown in Figure S25, the symmetric CV shapes indicate a capacitive behavior within a potential
window from —1.5 V to 1.5 V vs. Ag. The obvious redox peaks have resulted from the insertion and
extraction of EMIM™ cations and/or TFSI™ anions under negative, and positive polarizations can be
observed in all CV curves. Moreover, all CV curves from the scan rates of 2.0-500 mV s! maintain
similar shapes with a slight shift in the anodic and cathodic peaks, demonstrating an excellent

capacitive behavior.
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Figure S26. (a) CV curves under different scan rates. (¢) GCD curves of as-assembled BP@MXene-

SC in EMIMTFSI.
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Table S6. Comparison of electrochemical performance of BP@MXene composite film electrode

with other reported MXene and 2D material-based electrodes with IL and organic electrolyte.

Maximal volumetric

Current density

Electrode Electrolyte capacitance of Capacitance
) o) electrode or Scan rate retegltlon Refs
(Cvol-electrodez» F cm’3) (A Cl’l’l'3 or mV S_l) (/O)
MXene-based film electrodes
342.3 1.0-100
BP@MXene Neat EMIMTFSI . . 92.5%
(0_3.0 V) (1.0 A cm- ) (A cm- ) This
Work
- 202.1 1.0-100
MXene Two elfctrode 51.4%
System (1.0 A cm) (A cm?)
IM EMIMBF,/AN
) (-0.8-1.0V) 245 2.0-100
Ti;,C, Ty MXene 75% 28
Three-electrode (2.0 mV s (mV s
system
EMIMBF,
(0-3.0V) 140 0.3-3.0
Ti;C,Tx MXene 52.8% 29
Two-electrode (0.3 A cm?) (A cm)
system
Other 2D material-based film electrodes
EMIMBF4/AN
R 234 0.69-69
BNP-HGH (0-3.5V) 57.7% 30
Two-electrode (0.69 A cm™) (A cm)
system
EMIMBF,/AN
- 212 0.71-71
HGF (0-3.5V) ~67.8% 31
Two-electrode (0.71 A cm™) (A cm)
system
EMIMBF/AN
EM-CCG film 0-35V) 261.3 0.125-12.5 o, 32
-~ . 0
Two-electrode (0.125 A cm?) (A cm™)
system
EMIMBF,
203 0.94-94
EGM-rGO film (0-3.0V) ~73.9% 33
(0.94 A cm3) (A cm)

Two-electrode
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system

EMIMBF,/AN
- 203 1.12-22.4
HGP 0-3.5V) ~68.9% 34
Two-electrode (1.12 A cm?) (A cm?)
system
PVDF-
HFP/EMIBF,4
310 0.1-10
BNSs (0-3.0 V) ~30.6% 35
(0.1 A cm?) (A cm?)

Two-electrode
system

Note: BNP-HGH: boron, nitrogen, and phosphorus ternary-doped holey graphene hydrogel, HGF:

holey graphene framework, EM-CCG film, liquid electrolyte-mediated chemically converted

grapheme, EGM-rGO film, exfoliated grapheme-mediated graphene oxide, HGP: holey graphene

paper, B NSs: boron nanosheets.
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Figure S27. Nyquist plots of the BP@MXene-SCs (with BP@MXene mass loading of 1.0, 10 and 15

mg cm?).
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Table S7. Fitting results for EIS of the three SCs.

BP@MXene-SC 2 8 7. 0.75123 0.66325
(1.0 mg cm)

BP@MXene-SC 3.96 4.45 8.41 0.76521 0.674125
(10 mg cm?)

BP@MXene-SC 4.52 5.31 9.83 0.697412 0.687569
(15 mg cm?)
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