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S1 Supplementary Text
S1.1 Finite element simulation
Multiphysics simulations of ionic currents in IOPS under dynamic conditions were performed based on Poisson and Nernst-Planck models. The coupling of the controlling Poisson and Nernst-Planck equations, with appropriate boundary requirements, is shown below:



Here, the physical quantities ϕ, F, ε, z, c, D, j, R, and T represent the electric potential, Faraday constant, dielectric constant, valence of ionic species, ion concentration, diffusion coefficient, ion flux, universal gas constant, and absolute temperature, respectively. The dielectric constant and diffusion coefficient were estimated based on previous reports. The dielectric constant was estimated to be 15. The diffusion coefficient of the ionic liquid was set to 0.076 × 10−9 m2 s-1 [S1, S2]. The IOPS simplified base model was set according to the thickness of the SEM cross-sectional image, with a model width of 100 μm, of which the MXene height was 10 μm and the ionogel height was 150 μm. Other detailed setting parameters are shown in Table S2. The model was run under dynamic conditions for 4 ps with a time step of 10 fs. The boundary conditions of the IOPS potential are given by Gauss's law.

Where τ represents the surface charge density. The ions flux in steady state has the zero nomal components at boundaries:

[bookmark: OLE_LINK2]S1.2 N-MXene(K+) and P-MXene preparation scheme notes
N-MXene(K+) note: The N-MXene(K+) membrane was prepared by immersing a self-supporting N-MXene membrane in a high-concentration KOH solution and then sealing it. The reasons why KOH is used as the ion intercalation solution are: i) the alkalization process of KOH can introduce more oxygen-containing groups at the end of MXene, thereby improving the adsorption capacity of potassium ions, reducing the diffusion energy barrier, and accelerating ion diffusion; ii) the KOH alkalization process does not introduce other impurity anions; iii) the smaller hydration radius of K+ helps it to enter the interlayer space of 2D MXene more easily.
P-MXene note: Although reports have shown that MXene can be successfully modified to carry a positive charge, this electrostatic adsorption method introduces additional polymer chains [S3, S4]. Therefore, in our work, a method of directly positively electrifying the MXene terminals was used. APTES is a commonly used silane coupling agent. The silanol groups generated in water are highly reactive and easily form O−Si covalent bonds with hydroxyl groups on the surface of nanomaterials. Therefore, we used APTES to react with MXene nanosheets under acidic conditions and successfully prepared positively electrified P-MXene membranres by vacuum-assisted filtration.
S1.3 Quantification of ion selectivity of P-MXene and N-MXene membranes
P-MXene membranes and N-MXene membranes have 2D nanofluid channels with positive and negative charges, respectively, so that anions (cations) driven by the chemical potential gradient on both sides of the membrane spontaneously diffuse from the high concentration side to the low concentration side. KCl solution is usually used to calibrate the ion transfer number because K+ (1.96 × 10−9 m2 s−1) and Cl- (2.03 × 10−9 m2 s−1) exhibit similar ion diffusion coefficients. This similarity results in symmetrical ion flow during osmotic, facilitating the creation of a simplified model for theoretical analysis. For a given concentration gradient, the ion transfer number (t) can be calculated as follows:

Among them, Vdiff, R, T, F, z, γ, and c represent osmotic potential, universal gas constant, absolute temperature, Faraday constant, charge number, ion activity coefficient, and ion concentration, respectively. According to the given concentration gradient, the anion transfer number tCl- of P-MXene is 0.750, and the cation transfer number tK+ of N-MXene is 0.972.
[bookmark: OLE_LINK12]S1.4 XRD pattern analysis (Fig. S9)
[bookmark: OLE_LINK13]The XRD pattern indicates that the (002) Bragg peak of P-MXene shifted from 6.1° in original N-MXene to 5.2°, reflecting changes in the space group. This shift suggests that the interlayer spacing expanded from 14.5 Å to 17.0 Å, primarily due to a pillaring effect from APTES-modified -[OSi(OH)2CH2CH2CH2NH3] functional groups causing 2D interlayer expansion. The shift of the peak of N-MXene(K+) to 6.7° indicates that its interlayer spacing is reduced to 13.0 Å, which is due to the electrostatic adsorption and close coordination of K-O bonds caused by the intercalation of potassium ions at the nanoscale, resulting in the collapse effect of the nanosheet layer.
S1.5 XPS spectrum analysis (Fig. S10)
Ti2p fine spectrum. By comparing the Ti2p spectra of N-MXene and N-MXene (K+), it is proved that alkalization-assisted K+ intercalation changes the interface oxidation state of the original MXene. The Ti 2p spectrum of N-MXene can be fitted into three groups of peaks at 455.2 and 461.2 eV, 456.3 and 462.4 eV, 459.3 and 465.3 eV, corresponding to Ti−C, Ti−F/Ti−O−F and titanium oxides, respectively. The titanium oxide peak of N-MXene (K+) after alkalization K+ intercalation is enhanced and moves to high energy, indicating that alkalization assists the formation of more oxidation states and potassium ion interactions. This increased oxidation state and interaction can cause the binding energy of Ti 2p3/2 and Ti 2p1/2 to shift to the high energy direction.
C 1s fine spectrum. By comparing the C1s spectra of N-MXene and N-MXene (K+), the strong interaction between K+ and the surface electrons of MXene can be explained. By observation, N-MXene(K+) has two more peaks at 292.7 eV and 295.4 eV than N-MXene. The peak at 295.4 eV indicates that potassium ions are embedded in the defect sites or interlayer structures of MXene materials, forming a state of strong charge transfer, which may be described as K+-C. The peak at 292.5 eV can be described as O–C–K+, indicating that potassium ions interact electrostatically with oxidized carbon groups.
O1s fine spectrum. By comparing the O1s spectra of N-MXene and P-MXene, the formation of silyl ether bond structure can be explained. The peak at 532.7 eV of P-MXene shifts to 531.5 eV in the high energy direction, indicating that the modification of APTES forms new silyl ether bonds on the surface of MXene. Moreover, the surface of the modified P-MXene undergoes charge rearrangement, and the additional electron donor provided by -NH3 may affect the electron density of the surface oxidation state, thereby causing the shift of the O 1s peak.
S1.6 FT-IR spectroscopy analysis (Fig. S11)
The FT-IR spectrum of the original N-MXene shows characteristic peaks at 3440 cm−1, 1631 cm−1, 1017 cm−1 and 552 cm−1, which are analyzed one by one.
3440 cm−1: This peak is usually related to the O−H stretching vibration of adsorbed water molecules (H2O) or hydroxyl groups (−OH) on the MXene surface.
1631 cm−1: Generally related to the bending vibration of adsorbed water or the bending vibration of hydroxyl groups (−OH).
1017 cm−1: Corresponds to the stretching vibration of the C−F bond of the MXene molecule.
552 cm−1: This is a typical Ti−O vibration peak of the MXene molecule.
For N-MXene(K+), it is clearly found that the Ti−O vibration peak is red-shifted (moved to a lower wave number). This is because the intercalation of K+ causes a change in the electronic structure of the Ti−O bond. After the introduction of potassium ions, electrostatic interactions are formed with oxygen functional groups on the surface of MXene, and part of the electron density is transferred to the potassium ions, resulting in an increase in the polarity of the Ti−O bond. For P-MXene, new characteristic peaks appear, corresponding to Si−O stretching vibration at 872 cm−1 and N-H bending vibration at 1645 cm−1, respectively, which are signs of successful grafting of P-MXene.
S1.7 Calculation of the probe work function by CPD
The work function of the probe is calculated using the contact potential of the gold standard sample:

Where Φtip is the work function of the probe, ΦAu is the work function of gold (5.1 eV), and e is the charge of the electron. The contact potential difference of the gold standard obtained by the test is 0.0905 V. Therefore, the work function of the probe is about 5.0095 eV.
The work functions of the three MXene-based electrode samples can be calculated using the gold standard sample:

"Sample" refers to the work function of the sample, "tip" to that of the probe, and "e" to the electron charge.
S1.8 Voltage generation mechanism
[bookmark: _Hlk228787263]Unlike traditional aqueous reverse electrodialysis devices, the initial open-circuit voltage (Vinitial) in this anhydrous system originates from the inherent electrode potential and ion diffusion. Its approximate calculation formula can be written in the following form:

Where ΦP-MXene and ΦN-MXene(K+) are the work functions of the positive (P-MXene) and negative (N-MXene(K+)) electrodes, respectively, and e is the elementary charge. Where Vdiff represents the diffusion potential and Vcorrective represents the correction factors arise from electrochemical effects, interfacial phenomena, and other factors.
S1.9 Molecular dynamics simulation
MD of the electrolyte structure: The simulation box contained 30 K+, 4 cellulose chains with a degree of polymerization of 15, and 112 [EMIM][TFSI] molecules, corresponding to the experimental value of the mass percentage of the ionogel (experimental methods in the main text). First, 100 Forcite dynamics were performed at 298 K to randomize the initial shape of the molecules. Then, an initial energy minimization was performed using the COMPASS Ⅲ force field at 298 K to obtain the ground state structure. After this, MD simulations were performed using the Nose-Hoover thermostat, and the system performed 500 ps of dynamics at 298 K in the NVT ensemble with a time step of 1 fs. The radial distribution function was obtained using the visualization method.
MD of the ionic distribution in the IOPS energy dissipation state (neglecting the influence of the cellulose chain): The simulation box contained 36 K+, 400 [EMIM][TFSI] molecules, and the 11 × 11 supercell structures of Ti3C2[OSi(OH)2CH2CH2CH2NH3] and Ti3C2O2 were used as the positive and negative electrodes, respectively. The force field parameters of MXene refer to some previous works [S5, S6]. In the simulation system, the MXene molecular structure is always kept fixed. 400 [EMIM][TFSI] have been pre-initialized to obtain the ground state structure. The MD system uses the NVT ensemble and runs at 298 K for 2 ps (time step is 1 fs). Use visualization methods to obtain the mass density distribution function.
COMPASS III was adopted here because it is an ab initio–derived condensed-phase force field with parameter coverage extended to ionic liquids, while the COMPASS family has also been shown to reasonably reproduce structural properties of cellulose systems; therefore, it is a practical choice for describing the relative ion-solvation and diffusion behavior in the present MXene/[EMIM][TFSI]/cellulose multiphase model [S7-S9].
S2 Supporting Figures
[image: ]
Fig. S1 Finite element simulation model of the IOPS device (drawn to scale).
[image: ]
Fig. S2 AFM characterization of N-MXene. Inset shows the size information of N-MXene. Scale bar, 500 nm.
[image: ]
[bookmark: OLE_LINK1]Fig. S3 Comparative test of alkalization-assisted intercalation of N-MXene by KOH solution. a, K+ intercalation mass percentage of N-MXene after soaking in 0.2 M KOH for different time (relative to the original mass of N-MXene). b, K+ intercalation mass percentage of N-MXene after soaking in KOH of different concentrations for 48 h (relative to the original mass of N-MXene).
[image: ]
Fig. S4 Schematic representation of the grafting modes of APTES on the surface of MXene nanosheets. Figures i to iii show the grafting modes of P-MXene monodentate, bidentate and tridentate, respectively. Figures iv and v show lateral polymerization and hydrogen bonding of P-MXene terminal groups, respectively.
[image: ]
Fig. S5 Schematic diagram of the preparation scheme of N-MXene, N-MXene(K+) and P-MXene. The circular inset shows the detailed molecular structure information.
[image: ]
Fig. S6 TEM characterization of N-MXene and P-MXene. a and b, TEM image and SAED spectrum of N-MXene (single crystal). c and d, TEM image and SAED spectrum of P-MXene (polycrystalline). Scale bar, 500 nm.
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Fig. S7 Transmembrane ion transport properties. a, Optical photograph of the transmembrane ion transport test device, with N-MXene or P-MXene membrane sandwiched in the middle of an H-type double-chamber electrochemical cell. b, I − V curve characteristics of N-MXene and P-MXene membranes recorded using Ag/AgCl electrodes containing salt bridges.


[image: ]
Fig. S8 Characteristics of N-MXene, N-MXene (K+) and P-MXene membranes and the zeta potential of their solutions. a, Optical photos of N-MXene, N-MXene(K+) and P-MXene membranes under natural light conditions. b, SEM surface morphology images of P-MXene membranes and N-MXene(K+) membranes and EDX mapping of typical elements (N, Si, O, K). c, Zeta potential of aqueous dispersions (0.1 mg mL-1) of N-MXene, N-MXene(K+) and P-MXene.
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Fig. S9 XRD characteristics of N-MXene, N-MXene(K+) and P-MXene membranes. The inset shows the characteristic peaks of the (002) lattice planes of the three MXenes.
[image: ]
Fig. S10 XPS characteristics of N-MXene, N-MXene(K+) and P-MXene. a, XPS scanning total spectrum of three MXenes. b, Characteristic element content of three MXenes. Ti 2p core level spectrum (c), C 1s core level Spectrum (d), O 1s core level spectrum (e) and F 1s core level spectrum (f).
[image: ]
Fig. S11 FT-IR characteristics of N-MXene, N-MXene(K+) and P-MXene. The typical characteristic peaks of N-MXene, N-MXene(K+) and P-MXene are marked in the Figure. For example, Ti-O vibration peak, O-H bending vibration, O-H stretching vibration, C-F stretching vibration, etc.
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Fig. S12 The formation mechanism of adhesive ionogel. a, Ionic liquid [EMIM][TFSI] partially reconstructs the hydrogen bonds of cellulose membrane, causing it to directly form ionogel. b, Optical image of ion gel placed on PI substrate.
[image: ]
Fig. S13 Morphological transformation of adhesive ionogel over time. The figure shows that after immersion in ionic liquid, some hydrogen bonds of cellulose membrane are reconstructed, thus gradually transforming from a porous fiber structure to a uniform ionogel. The SEM surface morphology is shown in the upper right corner of the first and last images. Scale bar, 10 μm.
[image: ]
Fig. S14 The conductivity-temperature dependence of ionogel. As the temperature increases, the conductivity of ion gel further increases.
[image: ]
Fig. S15 Mechanical properties and stability of ion gel. a, Stress-strain curve of ionogel. b, Adhesion of ion gel (Since MXene-based membrane cannot withstand adhesion test, PI film is used as the test sample here). c, Optical photo of ion gel placed on aluminum foil and copper foil one month later.
[image: ]
Fig. S16 Electrical output performance of IOPS after different alkali metal ions (Li+, Na+, K+) are inserted into N-MXene. a, Time-voltage curves of replacing the IOPS anode with N-MXene(Li+), N-MXene(Na+) and N-MXene(K+), respectively. b, Comparison of the initial voltages of the three IOPS devices.
[image: ]
Fig. S17 Lollipop plot of the normalized integral of the discharge curve.
[image: ]
Fig. S18 Impact of environmental factors on IOPS output power. a and b, The impact of environmental factors on IOPS (the factors marked in red are the calculation reference values, the same below). Maximum current density and voltage holding rate under different relative humidity (RH%) and temperature. c, Maximum current density and voltage holding rate of IOPS under different working areas.
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Fig. S19 Electrochemical properties. a-c, Complex plane representation of the real and imaginary parts of the impedance (Nyquist plots). Insets show magnified views. d-f, Impedance phase angle versus frequency (Bode angle plots).
[bookmark: _Hlk228647326][image: ]
Fig. S20 The elemental potassium concentration in the ion gel before and after discharge was measured using ICP-OES, indicating that K+ was transferred from N-MXene(K+) to the ionogel during discharge. The data are presented as mean ±s.d., and the error bars represent the s.d. values measured from five independent devices.
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Fig. S21 KPFM surface properties of N-MXene, N-MXene(K+), and P-MXene.
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Fig. S22 Contact potential difference of the gold standard sample.
[image: ]
Fig. S23 The unit cell model construction method of Ti3C2 MXene without the configuration of the capping group. a, Top view and side view of the Ti3C2 unit cell model. b, Top view of the 3 x 3 supercell model of Ti3C2.
[bookmark: _GoBack][image: ]
Fig. S24 The interaction between positive and negative electrodes with ionic liquids. a. The interaction and molecular electrostatic potential energy surface of N-MXene molecule (Ti3C2O2) with cation EMIM+ (i) and anion TFSI- (ii). b. The interaction and molecular electrostatic potential energy surface of monodentate P-MXene molecule (Ti3C2[OSi(OH)2CH2CH2CH2NH3) with cation EMIM+ (i) and anion TFSI- (ii). The scale unit is Hartree/e.
[image: ]
Fig. S25 The affinity between K+ and ionic liquids is studied by combining deformation charge density and DFT calculation. The figure shows the deformation charge density and calculated binding energy of K+-EMIM+ and K+-TFSI-.
[image: ]
Fig. S26 Screen shot of the K+ transport pathway at the IHP interface of N-MXene and ionic liquid. a and b, K+ diffusion pathway. c, K+ migration barrier. d, K+ migration from H1 site to H3 site.
S3 Supporting Tables
[bookmark: _Hlk181021180]Table S1 | Related work on ion osmotic energy storage devices reported in the literature
	Materials
	Maximum output power density (μW cm-2)
	Redox reaction involved
	Cycle performance
	Leakage and dry-up risks

	Polarized MXene (This work)
	17.5
	None
	50
	None

	Bilayer of polyelectrolyte film [S10]
	5.52
	Involved
	Water charging
	Low

	Gradient cellulose membrane [S11]
	4.9
	Involved
	Water charging
	High

	Nanocellulose @ conductive MOF [S12]
	1500
	Involved
	Water charging
	High

	Al2O3/PVDF [S13]
	18
	Involved
	Water charging
	High

	Graphene oxide/Ionic liquids [S14]
	16.55
	None
	Water charging
	High

	Stacked hydrogels [S15]
	2.7
	Involved
	10
	Medium

	Hydrogel-Infused Paper [S16]
	180
	Involved
	None
	Medium

	Ionic hydrogel [S17]
	12.43
	Involved
	None
	Medium

	Living leaf [S18]
	0.014
	None
	Water charging
	High

	Microbial biofilms [S19]
	1
	None
	Water charging
	High



Table S2 | Parameter setting of finite element simulation model
	[bookmark: _Hlk192591069]Parameter
	Description
	Value

	A
	Length of ionogel
	150 μm

	B
	Width of ionogel
	100 μm

	C
	Width of MXene
	10 μm

	σα
	Space charge density of N-MXene(K+)
	-6 C m-2

	σβ
	Space charge density of P-MXene
	4 C m-2

	DK
DEMIM
DTFSI
ε
	Diffusion coefficient of K+
Diffusion coefficient of EMIM+
Diffusion coefficient of TFSI-
Dielectric constant
	1.96 × 10−9 m2 s-1
0.076 × 10−9 m2 s-1
0.076 × 10−9 m2 s-1
15



Table S3 | Comparison of element content percentage
	[bookmark: _Hlk192603637]Element
	Element content percentages

	
	N-MXene
	N-Mxene (K+)
	P-MXene

	Ti
	20.0
	14.4
	17.9

	C
	41.9
	40.4
	42.2

	O
	28.3
	40.0
	22.5

	F
K
N
Si
	9.88
0.00
0.00
0.00
	4.58
0.62
0.00
0.00
	7.64
0.00
3.58
6.29



Table S4 | Sheet resistivity measured by four-probe technique
	[bookmark: _Hlk192604177]MXene Types
	Sheet resistivity (mΩ cm)

	
	1
	2
	3
	Average

	N-MXene
	96.5
	94.3
	102
	97.6

	N-MXene(K+)
	142
	156
	144
	147

	P-MXene
	3235
	2951
	3119
	3101


[bookmark: _Hlk228714927]
Table S5 | The open-circuit voltage of a folding-triggered IOPS with five units in series
	Voltage recording

	Number of series
	1
	2
	3
	4
	5

	Voltage (V)
	0.56
	1.12
	1.69
	2.27
	2.82
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