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Rechargeable magnesium (Mg) batteries assembled s+
with dendrite-free, safe, and earth-abundant metal Mg anodes,;, <=, ~ HO
potentially have the advantages of high theoretical speci fz- 300 room temperature
capacity and energy density. Nevertheless, owing to the large’~-"

polarity of divalent M§' ions, the insertion of Mg into electrode “*7* *™ Tis; nanofiakes porous BTIO;., nanofiakes
materials suers from sluggish kinetics, which seriously limit th - o 5 120
performance of Mg batteries. Herein, we demonstrate an atonic guor T

£ 200 atlenes

substitution strategy for the controlled preparation of ultrathin

@
3
Coulombic efficiency (%)

black TiO, , (B-TiO, ,) nano akes with rich oxygen vacancies ;"ﬁ"' : * ‘.’97"';' §j§§ 300mAg"

(OVs) and porosity by utilizing ultrathin 2D TiShano akes as | LIRS o . 7 - discharge B

precursors. We nd out that the presence of OVs in B-TiQ Ellmkm“‘"awgfm gt g | Chae o
. f 1 - W a 100 200 300 400

electrode material can greatly improve the electrochemica Cyclo number

performances of rechargeable Mg batteries. Both experimental

results and density functional theory simulations aom that the introduction of OVs can remarkably enhance the
electrical conductivity and increase the number of active sites féfiblystorage. The vacancy-rich B-TiQnano akes
exhibit high reversible capacity and good capacity retention after long-term cycling at large current densities. It is hc
that this work can provide valuable insights and inspirations on the defect engineering of electrode materials
rechargeable magnesium batteries.

rechargeable magnesium batteries, anode material, oxygen vacapciepptiasknai@kes

echargeable batteries based on multivalent ions witteen made to search for compatible electrolytes as we

sustainable resources, low cost, and high safety presadvanced electrode materials with suitable potential,

a promising future prospect for next-generation largeapacity, long cyclicity, and fast kinetics for Mg baltetfes.
scale energy stordgé.Among them, magnesium (Mg) So far, only a few metal/alloy-type and ion insertion-t
battﬁrlez hgve attra;ctl\c/lad cons:delrable atltent|or] dﬁe t0 th@gative electrode materials have been found to ex
earth abundance of Mg metal, large volumetric theoretic - ; ; A
energy density (3833 mAh émand free of dendrite growth Ea:zgﬂ:lr)éeeacg|lsecRﬂaggbe;;:t?iré%ezgcapacny and cycling dure

on cyplingj’:ﬁ Whereas the development of re(_:hargeable_Mg Crystal defects, such as oxygen vacancies (OVs), play ¢
batteries has been hampered by two dominating intrinsjc,~ . g . :
challenges, therst obstacle is the lack of appropriate rol_e in the physicochemical propert|_es of transition-mj
electrolyte allowing revétsi Mg plating/stripping with  °Xides. The presence of OVs can improve the electr
specic stable operating voltage windowsother obstacle conductivity of transition-metal oxides for the application
is the sluggish dision kinetics of My ions in electrode

materials originated from the strong electrostatic interactions September 10, 2018
between highly polarized divalent'Ntis and the crystalline November 26, 2018
lattices of electrode materidlSince 2000, greatats have November 26, 2018
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Figure 1. Schematic synthesis process of B, Ti@ano akes and morphology characterizations of samples. (a) Schematic synthesis process
of OVs-rich and porous B-Ti©, nano akes converted from ultrathin 2D Ti®iano akes through an atomic substitution strategy. SEM,
TEM, and HRTEM images of (kd) precursor Ti$ nano akes and (df) as-obtained B-Ti® , nano akes.

catalysis, photoelectrolysis, and energy storddespecially,  strong diraction peaks that can be well asssigned to the
the OVs in the oxide-based electrode materials of Li-ion or Naexagonal phase of JiCPDS. PDF no. 88-1967, space
ion batteries can facilitate the electron and ion transporroupP3ml,a= b= 3.4073 Ac=5.6953 A). The OVs-rich B-
thereby contributing to higher capacity and better ratdiO, , nano akes were simply synthesized by stirring the TiS
performanc& ** For instance, it has been reported that thenano akes in water at room temperature for 72 h. During this
incorporation of OVs into TiQ, can reduce the band %) and step, the sulfur atoms in Ti®no akes were substituted by
raise the density of states below the Fermi level O oxygen atoms, generating reducti® End abundant OVs
which is in favor of improving its electrical conductivity thugvere formed during the atomic substation process, in which a
improving the electrochemical performance for Li-ion and Ngart of the Ti* species was reduced té" By the reductive
ion batteried® However, as far as we know, theence of H,S. The scanning electron microscopy (SEM) and trans-
OVs on the electrochemical performances of electrodfission electron microscopy (TEM) images showiyine
materials in Mg batteries has been rarely |nvest|gated. 1b g exhibit the morpho|ogy of precurso&iﬁéﬁ]o akes and
In this study, we report the atomic substitution conversiogs-gbtained OV-rich B-TiQ nanoakes. The smooth TiS
Of Ultrathin 2D Ti§nan0 akeS intO OVS'riCh a.nd pOI’OUS blaCk nano akes have a uniform thickness 01% nm and a
TiO, x (B-TiO, ) nanoakes. We also demonstrate the gjameter of 100200 nm Figure b,c). Most of the TiS
enhancement ect of OVs on the magnesium energy storag@ano akes were spontaneously piled together for minimizing
of B-TiG, , nanoakes, which brings improved reversibleihe syrface energy. Moreover, the high-resolution TEM
capacity, rate performan_ce, a_nd Iong_ cycle stability. The MQHRTEM) image inFigure @ shows a clear lattice spacing
ions storage mechanism in B-fiOnanoakes was of 926 nm, which matches well with the (011) planes of
investigated by systematic electrochemistry charactenzath{ég(agonm phase TiShe as-prepared B-TiQ nano akes
ex siticharacterizations, and theoretical calculations, revealigg, aiso stackedFigure &), exhibiting rough and porous
that both M§" insertion process and capacitive responsg face characteristidggre f). The porous surface was
_contnbut_e to the capacity. Th_|s_ work |nd|c§1tes that thEfikely formed because ttfe §pecies in TiSvere replaced by
introduction of OVs into transition-metal oxide electrodegnajier & through an atomic substitution process. As shown
materials could be aneetive approach to engineering the in the HRTEM image dfigure g, the lattice spacing of 0.35
electrode performance for rechargeable Mg batteries. nm matches well with the (101) planes of tetragonal-phase
anatase Ti© The presence of disordered regions in the
crystalline lattice indicates the introduction of ©®We also
Figure & shows the schematic diagram of the synthespyrepared a control sample of fully oxidized and OVs-free white
method of OVs-rich and porous B-JiDnanoakes. TiO, nanoakes (W-TiQ) by annealing the B-T{Q
Primarily, ultrathin 2D TjShano akes were obtainetthe nanoakes in air atmosphere at 48D for 4 h. The
reaction of TiGland elemental S in the presence of oleylaminenorphology of W-Ti©control sample is shown filgure
re uxed at 300C under N protection condition, as detailed S2 which well maintains the original morphology of B-TiO
in the Experimental Sectioifhe X-ray powder daction nano akes. The specisurface area and porous characteristics
(XRD) pattern of Tig nanoakes (sed-igure S) shows of B-TiG, , nanoakes and W-TiQcontrol sample were
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Figure 2. Characterizations of B-TijQ and W-TiG, hano akes: (a) XRD patterns, (b) Raman spectra, (c) photographs and EPR spectra of
B-TiO, , and other control samples prepared by annealing in air foerdint periods (G-TiQ , (annealed for 1 h), K-Ti@ , (annealed for

2 h), W-TiO, (annealed for 4 h), respectively), (d, €) XPS spectra of (d) Ti 2p and (e) O 1s core levels, (fyit)di use re ectance
spectra and optical bandgaps, (g) valence-band X-ray photoelectron spectra of BAEG akes and W-Ti@control sample. (h) The
calculated PDOS of pristine Tiand B-TiQ, , with OVs.

investigated by JNNadsorptiondesorption isotherms (see di raction intensities than those of W-Ji®hich is due to
Figure SB revealing the high spexisurface areas o& the presence of abundant G¥3he structural features of
134 and 139 fig 1, respectively. The pore size distributions inboth samples were further examined by Raman spectroscopy.
Figure S3b,ddemonstrate the bimodal micromesoporousSix (3f + 2By + Ay Raman-active modes (151.9, 200.9,
structures in B-TiQ, and W-TiQ. 414.8, 506.9, 625.8 cinwere detected in the B-TiQ

The crystallinity structures of B-FiQ and W-TiQ nano akes Eigure B).*° The strongest Enode arisen from
nano akes were examined by XRBy(re a). The major  the external vibration of T bonds (151.9 cm) has an
XRD peaks of both samples can be indexed to tetragonal phabeious red shift compared to that of W,Ti@5.4 cm?),
TiO, (JCPDS no. 71-1166, space gridligamd a = b = which can be attributed to the increased amount of OVs in B-
3.7842,c = 9.5146). This result suggests the successfdliO, ,.>° Control samples with dirent OV contents were
conversion of TiSinto B-TiO, .. The XRD pattern of B- prepared by annealing the porous B-Ti@ano akes at 450
TiO, , nanoakes presents broader peaks with weaketC in air for dierent periods (1, 2, or 4 h) to investigate the
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Figure 3. Electrochemical performances of porous B, Ti@ano akes cycling between 0.08.1 VvsMg?*/Mg. (a) CV curves at a scanning
rate of 0.2 mV s.. (b) Discharge charge curves at 50 mAy (c) Cycling performance and Coulombic eiencies at 150 mA ¢ (d)
Discharge/charge curves at the dient current densities ranged from 50 to 300 mA ¢e) Rate performance and (f) cycling performance
measured at 300 mA §

e ects of OV contents in B-TiQ on Mg storage revealed the presence of very little SHigeee S4%) which is
performance. The inset Bfgure 2 shows the colors of consistent with the XPS results. The energy bands of B-TiO
these control samples gradually change from black to grayn@no akes at Ti 2p region can be deconvoluted to four peaks.
h), khaki (2 h), and nally white (4 h), and these control The peaks located at 458.0 and 463.7 eV are assigrféd to Ti
samples are termed as G5liOK-TiO, ,, and W-TIQ, 2p;» and 2py,, respectively. The peaks located at 457.3 and
respectively, which are associated with the decrease of @83.0 eV are associated with*T2p;, and 2p,
contents. Electron paramagneesonance spectroscopy respectivell The TP* species were produced during the
(EPR) was conducted on these control samples at roomtomic substation process?f@ith O , in which the T in
temperature to examine the existence of OVs, as shownTiD, , was reduced by the generated reducth® Hh
Figure 2. The B-TiQ ,, G-TiG, ,, and K-TiQ , nano akes contrast, the W-Tighano akes only show two peaks at 458.0
show distinct EPR signals withg &alue of 2.002, which and 463.7 eV, which are the typical characteristi¢s ahei
indicates the presence of superoxide radicgal3 &ached O 1s band of B-Ti©, and W-TiQ nano akes inFigure 2

to the OVs on the surface of metal oxide materiaf§. can be tted into two peaks, corresponding to the lattice
Based on electron spin concentration measurementg, the Ooxygen (Q) in TiO, , ( 529.3 eV) and surfac®H group
concentration in porous B-TiQ nanoakes is estimated to ( 530.9 eV), respectivéfy?

be 0.57 mol g?, which is signcantly higher than that of a The UV vis diuse reectance spectréifure § show
previous reported,O concentration (0.018nol g %).** The that the photoabsorption of B-%iQ nanoakes has been
intensity of EPR signals is gradually reduced with prolongiegtended from UV light to visible light and infrared regions.
annealing time, implying the decrease of OV content. Aftdihe bandgap of B-TiQ nanoakes was measured to be
annealing for 4 h, the sample was fully oxidized to W-TiO 1.79 eV, which is much narrower than that of W-TiO
with very few OVs. XPS was further conducted to examine thie3.30 eV), as shown in the inseFigfure £ The narrowed
elemental compositions and chemical states of santples ( optic bandgap might result from the additional impurity energy
2d,e). The survey XPS spectrum of B;TiGanoakes levels between conduction band (CB) and valence band (VB)
revealed the co-existence of Ti and O element§i(see introduced by Pf species and OV%!* The VB XPS
S43. Almost no peak of S was detected, indicating successéplectrum of B-TiQ, nanoakes Figure B) show an
conversion of TiSnto B-TiO, ,. The energy dispersive X-ray absorption onset located at.05 eV, while the absorption
spectroscopy (EDX) elemental analysis of BxTi@no akes onset of W-Ti@shifts to 1.58 eV, indicating the change of
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Figure 4. Investigation of the storage mechanism of*ms in B-TiO, , nano ake anode. (a, bEx situXPS spectra acquired from freshly
prepared, rst-time discharged, andst-time charged B-Ti©, nano ake anode at (a) Ti 2p and (b) Mg 2p regions, respectivelyEfckitu
XRD patterns and (dgx sittRaman spectra of freshly preparetst-time discharged, andst-time charged B-Ti©, nano ake anode. The
peaks labeled byC" are originated from carbon paper (CP) served as current collector. (e) CV curves of the third cyclesranhti
scanning rates. (f) Calculatdgvalues as a function of voltage from the cathodic and anodic sweeps of, B-m#&do ake anode. (g)
Capacitive contribution (the shaded region) to the total stored charge at 0.2 hélsulated based on the equatiofV) = kyv + k2. (h)
Column graphs of rate-dependent charge storage contributions of BT@no akes resulted from Mginsertion/di usion and capacitive
processes.

energy band structure induced by OVs in the B-TiO type cells with 0.4 M 2PhMgCI-AlQ@ermed as APC) in
nanoakes. As shown iRigure B, the density functional THF solution as the electrolyte and polished Mg foil as the
theory (DFT) calculation results of partial density of stateanode material. To examine the compatibility of APC
(PDOS) indicate that the VB edge of pristine anatase TiOelectrolyte for Mg stripping/plating in magnesium battery
mainly consists of O 2p states, while the CB is mainlgystem, cyclic voltammograms (CV)lpravas measured with
composed of Ti 3d states. After the introduction of OVs int@ three-electrode testing system based on the counter and
anatase TigXi.e, B-TiQ ,), the Fermi level is shifted to the reference electrodes of magnesium foils, the working electrode
CB, and the band gap is narrowed. This rationalizes tha# platinum plate, and 0.4 M APC/THF electrolyigyfre
improved electron conductivity in B-JiQ which was S5. The overpotential for Mg plating is measured to be 0.25
observed in the experiments. V, and the Coulombic eiency for Mg stripping/plating is

The electrochemical performances of B-Ti@ano akes 100%, indicating the good compatibility of APC/THF
for hosting M§ ions were evaluated by assembling 2032 coirelectrolyte. The CV curves of B-TiOnano akes during
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the rst, second, andth cycles at a scan rate of 0.2s\4re Figure S6c,dVith the increase of annealing time, the control
provided inFigure a&. The electrode of porous B-TiQO samples show apparently decreased discharge capacities. The
nanoakes exhibits broad cathodic and anodic responsédsng-term cycling curve of W-Fi@ano akes at 300 mA §
Considering the weak redox peaks and the nearly rectangyeFigure S6dexhibits initial discharge and charge capacities
shape of the CV curves, the storage mechanisr# édige of merely 35 and 30 mAh'gat 300 mA ¢, respectively,
B-TiO,  electrode could have both #msertion/di usion much lower than B-TiQ,. Electrochemical impedance
contribution and electrocapacitive contribution, which will bepectroscopy (EIS) analysis of B,TjGnd W-TiQ was
discussed in detail below. Noticeably, the current density of 8snducted (seEigure S)i The semicircles in high-frequency
TiO,  electrode is evidently higher than that of W-{8€e regions of the Nyquist plots are relevant with the charge-
Figure SBa suggesting the sigeantly improved electro- transfer resistancB.j at the electrode/electrolyte interface.
chemical activity due to the presence of &¥isie B depicts The B-TiQ , electrode shows lowRy value than that of W-
the discharge/charge ples of porous B-TiO, nanoakes at  TiO,, thus conducive to its Kfgstorage performances. The
the rst, second, andth cycles at a current density of 50 mA above results indicate that the porous B-Tiftano akes
g . The initial discharge and charge capacities are 190 and 184/e much better Migstorage performance than the control
mAh g, respectively, corresponding to the storage of 0.28amples prepared by annealing at@50 air, in accordance
equiv of M§" per formula unit (MgTiO, ,) and an initial with the variation of OV contents.
Coulombic e ciency of 70%. The irreversible capacity in the To investigate the storage mechanism &f ibtgs,ex situ

rst cycle could be mainl)/ attributed to thé*éms insertion  XPS,ex situXRD, andex situRaman spectroscopy were
into irreversible sité8!” and the relatively low initial conducted on freshly preparedi-time discharged, andt-
discharge voltage is ascribed to the large polarizatidgime charged B-TiQ nano akes Figure 4 d). InFigure 4,
associated with the surface oxide layer on Mg “niode. the XPS spectrum of freshly prepared B-Jélectrode at Ti
the eighth cycle, the discharge and charge capacities are 24 #egion shows four peaks. The peaks located at 458.0 and
and 155 mAh g, respectively, with the Coulombiciency 463.8 eV correspond to the Ti2jand Ti 2, bands of T,
greatly increased t095%, corresponding to an estimated respectively. The other two small peaks centered at 457.3 and
Mg?* storage formula of MgTiO, ,. The cycling perform- 462.7 eV are assigned to thg,2and 2p, peaks of Ff,
ance of B-TiQ, nano akes at 150 mA bis shown irFigure respectively. The proportion of th& &ind TP* species in B-
3c. The reversible capacity progressively increases during Th@, , quantied by the XPS results is about 80% and 20%,
initial 30 cycles, reaching discharge and charge capacitiesespectively, corresponding o alue of 0.1 (Table Sp
105 and 108 mAh § respectively, with a Coulombic After discharged to 0.05 V, the proportion ®f ilicreases
e ciency of 103%. The discharge capacity still retains afom 20% to 48%. Whereas, after charging to 2.1 V, the
high as 106 mAh Yafter 200 cycleBigure d,e shows the  proportion of Ti* quantied by the XPS results decreases to
dischargecharge curves and rate capabilities of B;TiO 33%, implying that some #lgons are still trapped in the
nano akes cycling at dirent current densities ranging from electrode material§dble SP These results clearly suggest
50 to 300 mA d. The discharge capacities are 150, 126, 114hat the Ti"/Ti%* conversion has participated in the
and 106 mAh ¢ at 50, 100, 200, and 300 mA.g dischargecharge processes. The increase “fcdncen-
respectively. The capacity of B-TjCelectrode exhibits a tration in B-TiQ , can lead to an enhancement in the
retention ratio of 70% when the current density increases frogtectronic conductivity and thus decreases polarization in the
50 mA g*to 300 mA g% Upon cycling, the charglischarge  subsequent cycles, as shoviigore 8. The XPS spectra at
curves present sloping characteristics. THé dMgrage Mg 2p core levels of the freshly preparstitime discharged,
properties of representative Ti-based af86€s° and rst-time charged B-TjQ nanoake anode are shown in
metallic anod&$™>? for Mg batteries are listedTiable S1  Figure b. The peak intensity at charged state is lower than
The average discharge voltage of B-Jas 0.5 Vvs that at a discharged statadicating the reversible
Mg?*/Mg, comparable to other reported Ti-based anodemagnesiation/demagnesiation of B,Tihanoakes, but
materials for Mg batteries, such &840, cation-decient some M§' ions are always trapped in B-TiQhroughout
anatase Tig'® Moreover, compared with previously reportedthe cycling process. The atomic contents Sfaiftgr the rst
metallic anodes of Mg batteries, such as, Bi, Sn, Sb, and thisicharge and charge steps were also estimated by EDX, as
alloys, the cycling stability of B-JiQs superior, due to the shown inFigure S8a,krespectively, which is in accordance
absence of generally serious volume expansion of metaliith the measured battery capacities. Meanwhilkex #it
anodes®®®°* The long-term cycling test of B-FiQ  XRD (Figure 4) andex sittRaman spectroscopsiqure 4)
nano akes at 300 mA f(Figure 8 shows initial discharge features show no appearance of new peaks and negligible peak
and charge capacities of 101 and 64 miAtegpectively, with  shifts upon the magnesiation/demagnesiation process. The
an initial Coulombic eciency of 63%. The reversible XRD and Raman peak intensities also show only slight
capacity gradually stabilizes after 30 cycles. The 30th dischasiganges, indicating the good reversibility upon cycling. The
and charge capacities are 98 and 102 mAlwith a CV curves at various scan rates from 0.2 to 2.0'mére
Coulombic eciency of about 104%. After 400 cycles at 30Q@ollected to further investigate the electrochemical behavior of
mA g2, the discharge capacity remains at 77 mAkitl a B-TiO, , nano akes Figure €), which exhibit broad cathodic
capacity retention of 76%, suggesting good cycling stabilityand anodic responses. Generally, the cuijeobdys a

For comparison, we also investigated th€ Btgrage  function relationship with the scan rajel(ring the sweeps:
performances of the control samples. The CV curves and
chargedischarge curves of W-}i@ano akes (seé-igure i(vV) = a 1)
S6a and S@bwith very few OVs di;f)lay similar features
compared to those of B-TiQ The Mg" storage perform- .
ance of other control samples was also examined, as shown it (V) = blgv+ Ig @)
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Figure 5. DFT calculations. (a) Structure models of J#dd possible Mg insertion sites in MgTiO, , (n=0.06, 0.12, 0.18, or 0.24). (b)
Calculated formation energies of fgnsertion into anatase TiQ, with di erent amounts of Mg ions. lllustrations of (c) simulation

model along with (d) the possible insertion sites A, B, and C for Mg ions. (e) Calculated relative energy curves of three corresponding
migration paths for one Mg ion in supercell of TiQ .. Path B A, Path C A, and Path C B.

where the measured currenbeys a power law relationship shows the linear plotsi¢¥) v ¥ vs ¥? at specic voltages

with the sweep ratey)( and a and b are the adjustable during the discharge and charge processes. The capacitive
parameters:>* The electrode is dision governed if tHe contributions, corresponding to the shaded areas of the CV
value is 0.5, while tievalue is close to 1.0 indicating that a curves at the scanning rates of 0.2, 0.5, 1.0, and 2.6 mV s
capacitive response is domiR&fit.>” The b-values calcu-  (Figure ¢ andFigure S1)) are calculated to be58%, 64%,

lated from the CV curves of B-JiPnanoakes at various 739, and 78% of the total capacities, respectively. The
current densities are shownFigure # and Figure S9a,b  ¢apacitive contribution becomes more prominent along with
During both cathodic and anodic processes:véilees are in - he increase of scanning rate, as showigtne 4. Similar

the range of 0.88.89, which suggests that botfusion phenomena have also been reported in other research works
process and capacitive response contribute to the total sto&ql Mg batterie®!

5859 : ) : _ _ _
Cap?%ti: TTe fratct_lon of thte abot\)/ N me;gonedq WO " BFT calculations were performed to further investigate the
contributions at a certain scan rate can be gedaticording Mg?* insertion/extraction mechanism of B-TiDand the

to the following formula: computational method is detailed inElperimental Section

i(V) = kyv+ kz\}/Z ) The oxygen vacancy cguarations of TiQ, were created by
removing an oxygen atom at the center of the22x 1
i(V)v§1/2 _ k1\}/2 + K @ anatase Tigsupercell, where O was three-fold coordinated to

Ti. In the unit cell of TiQ ,, there are three kinds of possible
wherei(V), v, kyv, andk,*2 are the currents at a speci  nonequivalent insertion sites fofMigbeled as site A, B, and
potential, the scanning rate, the capacitive-controlled curre@), as illustrated ifrigure S11The sites A and B are the
and the diusion-limited current, respectivéligure S9c,d  octahedral interstitials including a normal ) and a
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lower oxidation state of Tig, Ti*), respectively. The site C Characterizations. The morphology of samples was investigated
is the edge-shared*TD octahedral interstitigfigure @ by scanning electron microscopy (SEM, HITACH S-4800) and
displays the possible ¥nsertion states in the TiQ unit transmission electron microscopy (TEM, JEM-2100). X-ray powder
cell (MgTiO, ,, n = 0.06, 0.12, 0.18, or 0.24). The relative di raction (XRD) was recorded by using an XRD-6064cthmeter

formation energyEl, i) for Mg?* ion insertion into Ti (Sh_im.adzu Co., Japan), equipped yvith a rotating gnode aIP@ aCu
was also Calcu?ateama;cg) shovﬂ'rg;bie S3The more neg@a?ive radiation source (= 1.54178 A). Nitrogen adsorptiatesorption

) ’ : . __isqtherms were measured through BrunBugmett Teller (BET)
formation energy means more energy-preferable insertion

. : . . ; model at 77 K on a Quantachrome Autosorb-1Q-2C-TCD-VP
Mg2+ into the TiQ, ,. Itis revealed that the Mg insertion at instrument. X-ray photoelectron spectra (XPS) were obtained using

the site Aie, Mg oeliO, _a) is most energetically favorable 5 p|-5000 VersaProbe X-ray photoelectron spectrometer with an Al
with the lowest energy among the three insertion sites. i X-ray source. The EPR spectra were obtained using a Bruker
contrast, the Mginsertion at the site C is very dult, owing ~ EMX-10/12 X-band spectrometer at room temperaturevi&/V
to the higher energy relative to those of sites A and B resulteduse reectance spectra were measured with Shimadzu UV-2600
from the much smaller cavity of the sitd @bl(e SR Figure using BaSpPpowder as the reference sample in the range of 300
5b shows the absolute values of calculated formation energi@g0 nm.
in Mg,TiO, , changed along with the content oMgns Battery Assembly and Electrochemical MeasurementsThe
insertion. It can be seen that the further insertion iééVOf!"“gteﬁCtrcide WaStpr(_%plaf?g ?FYC;SIQ/%/?F&;“U{% ovat8?>/Wt ‘:(/0 of the
energetically favorable when the content &f Mgthe esignated active materals {Bp itor W-11%%5), 00
TiO, , unit cell is <0.2&igure & andTable S4ndicate that Eiit(]jeer:bll?ﬁg’m"’i‘;& réowa"l"; ;ﬁ’ dgmﬂgﬁw"ﬁgﬁwﬁirSEXeD(F&Maps)
the mlgratlon of l\/?@from the energetically less favor_able Sltesolvent to form a homogeneous slurry, which was then spread on
C (MgP-OGTloz .X—C) to the more _Stable site B carhon paper as the current collector and dried in a vacuum oven at
(Mgo0eliO, « b) is easiest, corresponding to the smallesgqec for 12 h. The mass loading of active material is aboRt0L.5
migration energy barrier (0.11 eV). This implies that site C ighg cm2 Coin-type (CR2032) cells were assembled in an éegbn-
impossible for Mg insertion both thermodynamically and glovebox with Whatman glaber (GF/A) as separators and fresh
kinetically, therefore the Mgnigration through the Path C polished Mg foil as anodes. Mg foil was polished with carbide paper
B will not take place in reality, although the energy barrier éd cleaned with THF solvent prior to use. The THF solution of 0.4
low. Furthermore, it is revealed that a longer migratioM 2PhMgCI-AIG (termed as APC) was used as the electrolyte in
distance usually results in a larger migration energy barrierMg batteries, following a previously reported procédiires
galvanostatic chargiischarge experiments were performed on a
LAND CT2001A multichannel battery test system between 0.05 and

| ¢ ent atomi bstation f fi 2.1 VvsMg?/Mg at room temperature. Cyclic voltammetry (CV)
nsummary, we report an@ent atomic substation lormation - .0 55yrement was conducted using an electrochemistry workstation

strategy to prepare ultrathin porous B;Tihanoakes (chenhua CHI-760E) at a scanning rate of 0.2 fVlse spect
containing abundant OVs, which play a crucial role in thgapacity was calculated based on the loading mass of active material.
reversible Mg storage with high dischargbarge capacity Computational Methods. The DFT calculations were performed
and long cycle stability. Both experimental results and DFRlsing the CASTEP code based on spin-polarized DFT within the
calculations indicate that the OVs can enhance the electteneralized gradient approximation (GGA) with the PeBdeke
conductivity and increase the number of active sifés MgErnzerhof (PBE) method. The ultrasoft pseudopotential was
storage. The OVs-rich ultrathin B-Jighano akes exhibited implemented to describe the interaction between valence electrons
greatly improved kinetics and capacity fdf Mg storage  and ionic core. The cut@nergy for the plane wave expansion was
compared with the W-TiOcontrol sample. This work 38_0 e_\/, and _the Mo_r1kh0r§tack schemk‘pomt mesh _for the
demonstrates the possibility to utilize the defect engineeric@;gou'”'zone integration was generated with & 8 3 unit. The
strategy to improve the overall electrochemical performan metry optimization was carried out until the total energy and the

H 5
of electrode materials for rechargeable Mg batteries. maximum force were <1:0 10° eV/atom and 0.03 eVIA,

respectively. For ¥fginsertion systems, ax22 x 1 anatase TiQ
supercell with one oxygen vacancy (OV) was utilized. The oxygen
vacancy cogurations of TiO;; were created by removing an
Synthesis of Ultrathin TiS, Nano akes. Typically, 800 mg of  oxygen atom at the center of the supercell, where O was three-fold
sulfur was dissolved in 30 mL of oleylamine in a threeas&cRhe coordinated to Ti. For simplicity,d;; model can be expressed as
solution wasrst heated to 108C under vigorous magnetic stirring B-TiQ, ,. It should be mentioned that the OVs concentration in this
with the protection of high-purity nitrogen for about 2 h to removemodel is higher than that was detected in our experiments, however,
water and oxygen. The solution was naturally cooled down to roofRe qualitative conclusions on the OVeck on the electronic

temperature. Afterward, 2 mL of Ti@s injected into thesk. The  stryctures can be satisfactorily drawn from the selggBagmiodel
temperature of the solution was gradually raised 1@ 3@thin 3 h to rationalize experiments.

and maintained at 30€ for another 3 h in nitrogen atmosphere. |4 the cell of B-TiQ,, one Mg ion has three possible
The products were centrifuged and washed with trlchlorometha%nequiva|ent insertion sites (labeled as sites A, B, and C) as

and absolute alcohol for several times and then dried in a vacuiflstrated inFigure S11The energy barrier for one ¥gon
oven at 60°C for 12 h. Finally, the product was annealed in Arioaiion inside B-TiO, was calculated through a transition-state
atmosphere at 40Q for 4 h to remove any possible organic reS|duesStructUIre (TS) search strategy using complete LST/QST search

Synthesis of Porous Black Ti@, (B-TiQ ,) Nano akes. ;
) . . . protocol and the nudged elastic band (NEB) method. The value of
Typically, 100 mg of TiShanoakes was dispersed in 20 mL of We convergence threshold was set to 0.05 eVI/A.

deionized water under vigorous stirring at room temperature for 72 he relative formation energ, i) per TiO,  unit based on

Finally, the product was centrifuged and washed with deionized w e;r . 4 .
and absolute alcohol for several times and then dried in a vacu tﬂ? 2x 2x 1 anatase Tigsupercell with one OV is ded as

oven at 50C for 12 h. ] . )
The control samples with dient OV contents were prepared by  Eormaion= EMG,TIO %) S EMg «/ (T1055,)

annealing porous B-TiQ nano akes at 450C in air for dierent = Ny & .
periods (L1 h, 2 h, 4 h). S (EMg,, o028, S KTIO 55)) (5)
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