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ABSTRACT: Dual-electron transfer with ¥gpn intercalation outperforms typical Laser ablation
alkali metal-ion (Lj Na, K*) systems with superior charge storagéeacy while the

neutral electrolytes can achieve a working voltage beyond the hydrolysis window of 1.23

V. Hence, agueous Mg-ion electrolytes are promising for electrochemical energy storage
devices to boost the energy density and solve the safety challenges synchronously.
However, the Mg-based electrochemical energy storage (EES) devices are generally

con ned by poor rate performance due to the slof Mgusion in the electrode.” .
materials. In this paper, we demonstrate that cartmendearbide could function as#’ *
promising electrode material in”Mign-based EES. An electrode made of such cagbide

can operate over an extended window up to 2.4 V in 1 M magnesium acetate, showing
superior performance of high capacitance (125.2 F/g), high energy density (25.4/wWh/* * *
kg), and high power density (3934.8 W/I&)). initiosimulation reveals migration & ¢ 3 # & & 7
energy of Mg being lower than that of‘ldi using from one carbon defect to another nER P

in the -MoC, , lattice, supporting the experimental results that a symmetric
supercapacitor made eMoC, , in an electrolyte based on#gutperforms electrolytes based 6n Li

anostructured transition-metal carbides (TMCs) havéased materials majorly involving electron double layer
become a new family of electrode materials in energyapacitance (EDLC) show much lower capacitance in a
storage devices, such as supercapacitors and batteries, dygi@ral electrolyte based or’Mui*, and Naions than those
their high conductivity and high charge storage capability. in acidic electrolytes which transport charge with much smaller
Ultrathin 2D TMCs (MXenes) with few-atom layer thicknessy+ jons? pseudocapacitance commonly associated with
exhibit superior supercapacitance compared to most carbQiitace or near-surface reversible redox reactions brings a

materials, oxides, and nitrides. A general method 1 uch hi : -
' ' ; - L igher val f speci itan he char
manufacture MXenes involves a sophisticated fabricati e gher value of specicapacitance, yet the charge

process: Chemically etched MXenes also show poor therm [ansp_ort rate is generally' staie dgvelopment of elec_trode
stability (<200C) due to the collapse of surface groups (OH'm_aterlaIs t_hat elec_troly_te_: ions can mtercalat_e and deintercalate
COOH, etc.): Another versatile method to fabricate ultrathin With at @ high rate is critical for electrochemical energy storage
TMCs employs a CQaser to carbonize preassembled lamellafEES) with high capacity and high rate performanog."-
metallo-hydrogel, which results in large size (>#Q0 ion-based electrolyte has a potentially high charge storage
transition-metal carbides (Mp®/C,, CoC) with 10 20 nm e ciency due to the dual-electron transfer process, while the
thicknesses assembled by randomly oriented nanocrystalliwer price of magnesium compared to that of lithium makes it
grains. Such carbides show high electronic conductivities aral promising substitute of Li-ion-based energy storage
energy storage capabilities. The laser ablation method agsvices™? However, the key bottleneck is the slov*Mg
provides a direct writing routine to manufacture electrode§i usion in solids® The Mg-ion-based high-rate EES, such as
based on nanostructured transition-metal carbides. Furthgs; supercapacitors, are cwd by the absence of high-
crzr;%rri,ic;?sset;gitl)ilt?/tecdon?g;?é%e?o S:hoggnics:;lﬁ);rg{:h;hderl\r?;:ana Hrformance electrode materials that can intercalate with Mg
which could result in them being applied in electrochemica
energy storage devices with a wide potential and temperatGie —
range. Received: March 21, 2021
Meanwhile, neutral electrolytes can open an operationafcepted: May 4, 2021
potential range above 1.6 V due to the high overpotential &fPlished: May 5, 2021
either the anodic hydrogen evolution reaction (HER) or the
cathodic oxygen evolution reaction (OER) in the water
hydrolysis reactidfi. Electrode materials such as carbon-
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Figure 1.Structure and imaging of laser-induced carboiewte -MoC, ,. (a) Schematic of laser-manufactured carboieaiemolybdenum
carbide, using preassembled metallo-hydrogel. (b) Transmission electron microscopy image ciftoadabide. (c) Zoomed in TEM of
(b). (d) Di raction pattern of (c). (e) High angle annular datt{HAADF) image and energy dispersion X-ray spectrum mapping (EDX) of
MoC, ,. (f, g) Element distribution of Mo and C, showing a periodic rich carbon phase and a rich carbide phase.

Herein, we demonstrated that carbomidat transition- chemical energy storage devices, allowing high chemical
metal carbide, i.e.-MoC, , in this paper, could be a resilience, operational voltage, energy density, and cost
promising electrode material for Mg-ion-based EES with high ciency, when considering the lower price of Mg compared
capacitance, energy density, and power defditC, , has to Li.

a higher Gibbs free energy on the phase diagram compared t®olyvalent MY ions coordinate with the rich functional
those of commonly seefMo,C and -Mo,C and also has a groups on helical gelatin chains, which drive the metallo-
higher conductivity compared to these two pHasésathin hydrogel to form layer-by-layer assembly upon heating at 80

-MoC;, , with 10 20 nm thickness was synthesized by lasetC.'"*® Laser-synthesized ultrathirMoC, , shows a
ablation of a preassembled metallo-hydrogét (yedatin, 2 hierarchical porous structure from tens of nanometers to
m, 60 wt %), as shown fiigure &'>'® Electrodes made of micrometersHigure &, b), the walls of which are assembled
such highly conductive (sheet resistance < 100 ohm/sd)y carbide nanocrystals with <10 nm sigsre t, d). High
nanostructured carbon-dent phase shows a superior angle annular darkeld (HAADF) results also illustrate that
capacitance, energy density, and operational windo® in Mghe ultrathin carbide sheets are assembled periodically by a
electrolytes, when compared to thatin Ni&-, and H-ion- darker phase and brighter phase with a crystalliné sine
based electrolytes. The specapacitance ofMoC, , in 1 (Figure & g). Scanning energy dispersion X-ray spectrum
M MgSQ could achieve a value of 127 FiyloC, ,in 1 M results indicate that the brighter phase has a lower carbon
magnesium acetate as the electrolyte outperforms the saooacentration compared to the darker ptagarge S)L Such
electrode in 1 M LiCl, showing higher operational voltageesults supported that the laser-ablated carbide sheets contain
(2.40 V over 1.53 V), capacitance (125.2 F/g over 22.2 F/gYich carbon defects. From therdction pattern ifrigure ,
and energy density (25.1 Wh/kg over 2.2 Wh/kg). This worksuch carbon-deient phase has a lattice constant of 4.27 A
could inspire the design of high-rate Mg-ion-based electravhich is smaller than the 4.36 A constant of defectite€
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Figure 2.Electrochemical energy storage properyMifC, , (a) Linear sweep voltamentry results of tMoC, , electrode in magnesium
acetate, sodium chloride, sulfuric acid, and lithium chloride, respectively. (b) Capacitance versus ddaCratenafi erent ion-based
electrolytes. (c) Analysis of the energy storage capacity Ver@sgiare root of the scanning rate reverse derived from (b)). Panels (b) and (c)
show strong intercalation eMoC; , with M¢f*-based electrolyte, leading to high speapacitance. (d) Measured energy density versus power
energy density of the four electrolyte systems. (e) Capacitance versus scia@teaf di erent Mg*-ion-based electrolytes. (f) Measured
energy density versus power energy density of the,Mo@i erent magnesium electrolyte systems.

lattice calculated by density functional tHéofe large scan rates, which is caused by ohmic voltage drop owing to the

surface area due to the ultrathin carbide structure witlesistance of the electrode material. Thus, tied the
nanoscale pores and the high conductivity of such carbiééectrode at a relative low scan rate from 1 to 10°Ats.
phase (sheet resistance < 50 ohm/sq) make it a promising 10 mV/s, the diusive controlled capacity is 33.6%, which
electrode material for electrochemical energy storage devieggh be attributed to the intercalation between carbide and

such as in supercapacitdfs. Mg ions Figure 2).>* The MoG , stable electrochemical

Laser-synthesized ultrathiMoC, , show noted perform-  window in Mg acetate is broadened to 2.48" While the

ance as electrode materials for supercapa€itpns(. We  gperational window of MG in LiCl is 1.53 V. Considering

cast the as-fabricated carbide onto carbon paper with a bingigkt the spect capacitance of MG in Mg acetate (125.2

of 1% polyvinylidenaioride (PVDF) dissolved Mrmethyl-  £/q) is 5.6 times higher than that in 1 M LiCl (22.2 F/g) at a

2-pyrrolidone (NMP) to test _the dirent performance in  g-3n rate of 1 mV/s, the total energy density of, Molg

di erent kinds of electrolyteBidure 2a). Porous ultrathin (25.1Wh/kg) is over 10 times higher than that of the
akes of MogC, provide an exceptionally high surface arezMoC1 Li system (2.2 Whikg). Meanwhile, efient

and exposed ed_ges, which result in a high(:;papacitance magnexsium electrolytes including MgbSQ ahd Mg-

up tg 125+.2 F/g in 1 M Mgacetate, which is higher than that (CH,COO), with a concentration of 1 M wére tested.

of Li*, N&, and H electrolytesKigure B). The slope of the MoC, , shows stronger intercalation with 1 M Mg&h

MoC, , capacity-scan rate square roottéesd in Figure 2. hi . . 2

" " . igher capacity and energy densig6(1 Wh/kg), while in 1
The capacitive and dsive behaviors of the system can beMgMng tphe s))//stem shogv)é the h?gGéest pOV%()BI‘ density (6853
analyzed following the equation W/kg scanned at 1 V/s). Compared to a reported high voltage

Q=Q" + w12 ) aqgueous magnesium-ion battery made usingy - 8P0,)
electrode with 68 Wh/kg energy density and 1440 W/kg
Q" is the value wheQ is extrapolated to= , which can  power density, we present a decent energy density with a
refer to the charge on thHeutef accessible surface (i.e., higher power density. Cyclic voltammetry curves of MoC
capacitive controlled processes). Vhadependence of di erent Mg*-based electrolytes are showfigure S2
involves the slow access of‘ihaef region, wher® is a While 2D transition-metal carbides (MXenes) have been
function of diusion timé& This is assuming sweep rate widely studied as electrode materials with high capacity for
be an inverse proportional to theudion time. The linear |ithium-ion batteries and sodium-ion battétigre are very
rzquions are limited by semiriite di usion, governed b?/”z few papers reporting that such carbides could intercalate with

2 To be noted, the curve deviates from linearity at higtMg?* e ectively with capacity and high-rate performance at the
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Figure 3.Simulated migration of*Land Md@* in carbon-decient MoG , lattices based on nudged elastic band methods. (a) The energy
landscape of single #Mgnd L migration in the lattice structure CE3g(re SB following the pathway in (b). (c) The energy landscape of
single Mg and Lt migration in the lattice structure CZdgre SR following the pathway in (d).

same time. Theoretical simulation is performed to elucidagmergy density (26.1 Wh/kg, 1 M MgE@nd high power

the origin of the atomistic dision mechanism of Rgons density (6853 W/kg, 1 M Mgglin Mg®*-based aqueous
migration in carbon-deient -MoC, ,*® The diraction  electrolytes. Such superior performance can be attributed to
pattern of laser-ablated ultrathiMoC, , ts the XRD ¢ high conductivity of the metallic carbide phase, the high
pattern of Mogsfrom the ICSD databasewhile the lattice surface area and active sites induced by the hierarchical porous

g?r:zt:a':inotnoggttte)cr)r? yc;?ez t2e7re’(i C;;gtlg %ﬁ\%ﬂgimﬁlitfergnramge structure assembled by nanocrystalline ultrathin sheets, and the
, low migration barrier in the carbondent lattice which

constant of Mogxs*® We used a substoichiometric super- : : )
lattice Mq.C, with partial occupancy of C to construct the enabled fast chargtischarge of Mgin the solid. Compared
carbon defects. To identify the atomic gorations with the ~ to a Li-ion-based energy storage system, magnesium electrolyte
lowest energy for our calculations, we generated 1009 less ammable but more dtult to achieve high energy
structures by randomizing the disordered occupancies usitgrage capability This work provides inspiration to design
electrostatic Ewald energy. Twenty distinct structures with thggh energy density and high-rate performance EES devices
lowest Ewald energy were statically relaxed in the dens§¥sed on Mg ions.

functional theory (DFT) calculations, following a procedure agq shown iFigure Sathe neutral Mg-based electrolyte

established in previous studéS,and two congurations : .
with the lowest energy are selected from the 20 superlatticrgssuns in & higher voltage than most aqueous electilytes (

(Figure SB The NEB simulations camed that energy and th_e diusive capa_citance results in a tota_tl higher speci
barriers of an Mgion migration through carbon defects are @Pacitanced]. The highV andC lead to a higher energy
smaller than those of & ion (Figure 3. In lattice C20, the  density than most typical pseudocapacitive/hybrid electrodes
energy landscape of an’Muigration is 0.089 eV, which is in aqueous electrolytes and typical electron double layer
8.7 times smaller than that of (0.771 eV). Such results are (EDL) electrodes in aqueous electrolytes. The water-in-salt
consistent with the experimental results tHdbC, , in electrolyte has a voltage up to 3.0 V at an extreme
Mg?*-ion electrolytes have a much higher capacity thén in Liconcentration (21 M LiTFSI), which indicates a potential
ion electrolyte. The low energy barriers ot Mansportation  jmprovement to use more concentratett Mg. Meanwhile,

in carbon-decient carbide solve the slow chadggzharge of combining the transition-metal carbide with other electrode

Mg=* in a solid and contribute to the alsive capacitance at . o . .
g P materials with derent working potentials can enlarge the total

relatively high scan rates {D0 mV/s) applied in super- ) . )
capacitors. working window and thus increase the energy and power

In summary, we demonstrateatt laser-manufactured density. Developing a reliable method to increase the surface
ultrathin  -MoC,; , could simultaneously achieve a widearea of the carbide electrodes can also increase the EDL and

operational window (2.4 V, 1 M Mg(gED0),), high improve the total power density.
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