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Methods
The measurement of Arrhenius activation energy
The relationship between ionic conductivity and temperature follows the classical Arrhenius relationship:
σ(T) = A exp (-Ea/RT)
where T is the absolute temperature, Ea the activation energy, and A is a pre-exponential factor [1,2].
[bookmark: _Hlk58866387]Specifically speaking, firstly, based on the EIS results, the charge transfer impedance (Rct) was obtained by fitting the circuit. Secondly, according to the Arrhenius relationship σ(T) = A exp (-Ea/RT), the relationship can be transformed as lnRct-1 = lnA - (Ea/R) × (1/T). This equation illustrates that the lnRct-1 is the linear function of T-1and the slope of the linear function can be expressed as -Ea/R. Then, after fitting the lnRct-1 and T-1, the value of -Ea/R can be obtained. Furthermore, R is the gas constant (8.314 J/(mol·K)) and the activation energies of the two materials can be calculated by multiplying the slope value and gas constant.

DFT calculations
The present calculations were carried out by using the projector augmented wave (PAW) [3] method within DFT, as implemented in the Vienna ab initio simulation package (VASP) [4,5] The generalized gradient approximation (GGA) in the form of the Perdew-Burke-Ernzerhof (PBE) [6] was used to treat the exchange-correlation energy. A kinetic energy cutoff of 500 eV was used for wave functions expanded in the plane wave basis. All atoms were allowed to relax until the forces were less than 0.05 eV Å−1. For the Brillouin-zone sampling, 6×6×6 k-points were adopted to ensure convergence of the total energy. Ultrasoft pseudopotentials were used to describe the interactions of the ionic core and valence electrons. The valence states considered in this study were Ti 3d24s2 and O 2s22p4. A unit cell of TiO2 crystal with a periodic structure was used in the DFT calculations. The TiO2 crystal had a rhombohedral structure and belonged to the space group I41/amd.
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Fig S1 Full XPS spectrum of pristine TiO2 cathode.
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Fig S2 a) Raman spectra of the two prepared samples (TiO2-UN@C, TiO2-UN). b) DSC-TG analysis measured from room temperature to 600 °C with a heating rate of 5 °C min−1 under air atmosphere of TiO2-UN@C.

[image: ]
Fig S3 Nitrogen adsorption–desorption isotherms of a) as-prepared TiO2-UN@C and b) TiO2-UN. The insets are the pore size distribution obtained from the adsorption–desorption isotherms.
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Fig S4 a) HAADF-STEM image; b-d) elemental mapping images (Ti and O elements) of the as-prepared TiO2-UN.
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Fig S5 Cyclic voltammetry test of the prepared APC electrolyte.
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Fig S6 (a) Charge and discharge curves at first cycle, b) cycling performance at 50 mA g-1 and c) rate capability of the two samples. (d) Charge and discharge curves at various current densities. 

[image: ]
Fig S7 (a) CV curves of TiO2-UN at scan rates ranging from 0.2 to 1.0 mV/s. (b) Capacitive contributions (shaded area) to charge storage of TiO2-UN at 1.0 mV/s. (c) Analysis of b-value of TiO2-UN and TiO2-UN@C by using the relationship between peak currents and scan rates.
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Fig S8 Capacitive contributions (shaded area) to charge storage of TiO2-UN@C at (a) 0.2 mV/s, (b) 0.4 mV/s, (c) 0.6 mV/s and (d) 0.8 mV/s.
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Fig S9 Capacitive contributions (shaded area) to charge storage of TiO2-UN at (a) 0.2 mV/s, (b) 0.4 mV/s, (c) 0.6 mV/s and (d) 0.8 mV/s.
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Fig S10 Nyquist plots of a) Mg(s)||APC|| TiO2-UN@C and b) Mg(s)||APC|| TiO2-UN at different temperatures.
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[bookmark: _Hlk58763484]Fig. S11 Ex-situ XRD characterizations of anatase TiO2 cathodes at pristine/discharged/charged states.
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[bookmark: _Hlk58763528]Fig. S12 a) GITT curves of TiO2-UN@C at a small current density of 20 μA, b) diffusion coefficient of magnesium ions in TiO2-UN@C at different discharge state. c) GITT curves of TiO2-UN at a small current density of 20 μA, d) diffusion coefficient of magnesium ions in TiO2-UN at different discharge state.
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Fig. S13 Selected electron diffraction images of anatase TiO2 cathodes at a) pristine, b) discharged and c) charged states.
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[bookmark: _Hlk58763710]Fig. S14 a) Discharge and charge curves and b) cycling performance test of carbon at the current density of 50 mA g-1. 
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Fig. S15 FTIR spectra of TiO2-UN@C and TiO2-UN.

Table S1 DFT calculation results of the cell parameters.
	Parameters
	TiO2
	TiO2-Mg2+
	TiO2-MgCl+
	TiO2-Mg2+MgCl+

	a/Å
	3.78450
	4.01325
	4.00828
	4.09581

	b/Å
	3.78450
	4.01325
	3.73862
	3.86803

	c/Å
	9.51430
	8.79961
	12.80894
	11.97901

	α/degree
	90.0000
	90.0000
	90.0000
	90.0000

	β/degree
	90.0000
	90.0000
	87.7504
	89.7049

	γ/degree
	90.0000
	90.0000
	90.0000
	90.0000

	Unit cell volume/Å3
	136.2680
	141.7281
	191.1424
	189.7775



Table S2 Cycling performance comparation of several typical cathode materials in Mg metal batteries.
	Cathodes
	Capacity retention
	Cycles
	Capacity decrease
per cycle
	References

	Cu2Se
	60%
	35
	1.1%
	[7]

	CuS
	40%
	20
	3.0%
	[8]

	PTCDA
	79.3%
	200
	0.10%
	[9]

	Ti2S4
	88%
	40
	0.30%
	[10]

	TiS2
	88.4%
	40
	0.29%
	[11]

	TiSe2
	82.5%
	50
	0.35%
	[12]

	VS2
	70%
	600
	0.050%
	[13]

	This work
	75%
	1000
	0.025%
	——
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