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ABSTRACT: The rapid development of wearable electronics
has revealed an urgent need for low-cost, hegilbte, and
high-capacity power sources. In this sense, emerging
rechargeable potassium-ion batteries (KIBs) are promisiny
candidates owing to their abundant resources, low cost, ar
lower redox potential in nonaqueous electrolytes compar
lithium-ion batteries. However, the fabricatiorable KIBs . T
remains highly challenging because of the lack of an| Goe oo
performance exible electrode materials. In this work,
investigated the mechanical properties and electrochemical

performance of a recently developed hydrogen boride (BH) monolayer as a high-performance anode material on the basis of
density functional theory formalism. We demonstrated that (i) BH presents ultralow out-of-plane bessljmyaling that

of graphene, which endows it with bettadibility to accommodate the repeated bending, rolling, and folding on wearable
device operation; (ii) high in-plane stiss (157 N/m along armchair and 109 N/m along zigzag) of BH makes the electrode
stable against pulverization upon external and internal strains. More importantly, a BH electrode delivers a I6v24oltage of

V in addition to desired K-ion aity and hopping resistance, which remains very stable with the bending curvature. Emerged

H vacancies in electrodes were found to improve both the K-ion intercalation and K-ion hopping, yielding a high theoretical
capacity (1138 mAh/g), which was among the highest reported values in the literature for K-ion anode materials. All of the
presented results suggested that a BH electrode could be used as a beaifdenand lightweight KIB anode with high

capacity, low voltage, and desired rate performance.

KEYWORDS:potassium-ion batteriegible anode material, 2D hydrogen batigieinciples calculations
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1. INTRODUCTION concerns about whether global Li reserves (ca. 14 million tons)

Wearable electronics, a kind of portable devices that could T)%“Id me?]t the demeznds of j[he Increasing markit.. These
placed on the body or integrated in clothes aimys, are  cONCerns have spurred extensive reseants ie searching

enriching our lives and perceptions and becoming mo@te.rnatives to LIBs such as potas_sium-ion battgries (KIBS).
important in our daily lif€3 Apart from their miniature, Unlike LIBs, KIBs are more appealing for powering wearable
lightweight, exible, foldable, and stretchable characteristic§/€ctronics owing to theiow cost, wide geographical
these devices can also be considartlligerit apparatus distribution qf thelr components, and, espemally, thel lower
since they can be interconnected through direct datsedox poétgntlal in nonaqueous electrolytes to dellver_hlgh cell
communication or cloud interactions via a wireless nétwork/oltages®’ However, the high energy consumption of
Accordingly, numerous fuoet including physiological Wearablle dewces_ poses some requirements on thesg batteries
sensing and monitoring, sports data analysis, sleep monitori®g- high capacity, low volume, and light weight) to increase
and intelligent navigation could be integrated into smalldh€ir endurance time and to reduce the recharging time. To
devices. Nevertheless, the lack of suitable energy-suppiigiress these issues, joint theoretical and experimetsal e
systems hinders the applications of these devices. Thé&e urgently required to develop new KIB electrode materials
energy-supply systems must meet stringent low-size, lightth low cost, light weight, high theoretical capacity, fast ion
weight, and highexibility characteristics as a result of thehopping, and highexibility.
operation conditions of wearable devices.
Rechargeable lithium-ion batteries (LIBs) are being widelyeceived: December 20, 2018
used as power sources, spurring the rapid developmentfatepted: February 1, 2019
portable electronics to some degree. However, there apeblished: February 1, 2019

ACS Publications  © 2019 American Chemical Society 8115 DOI:10.1021/acsami.8b22214
W ACS Appl. Mater. Interfac219, 11, 81158125


www.acsami.org
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.8b22214
http://dx.doi.org/10.1021/acsami.8b22214

ACS Applied Materials & Interfaces

(

—
1

/
2

=< N

Figure 1.(a) Top and side views of the optimized structures of the BH monolayer, (b) corresponding band structure and partial density of states
(PDOS). H1, H2; T1, T2; and B1 correspond to hollow, top, and bridge sites for K adsorption on BH, respectively. The blue dashed rectangle
indicates the unit cell, whereas the orange circle reveals the Dirac cone in BH.

Compared with that of cathodes, the development aftrength for this material to endure repetitive folding, rolling,
appropriate anode materials for KIBs is momutlibecause  bending, expansion, and shrinking electrode operations. In
of the larger radius of K compared with that of Li. Thus, statexddition, the BH electrode showed high theoretical capacity,
of-the-art graphite anodes are not compatible with the KIBw voltage, and steady performance upon bendiexgjbte
technology and provide capacities as low as 87 MAfthy.  devices. The corresponding intercalation and hopping
the aim to reduce the anode weight while maintaining itfhechanisms of K ions on pristine, curved, and defected BH

exibility, two-dimensional (2[2§r12aterials including graphenesiectrode surfaces were revealed. Our results provided a steady

based_mat(ﬂizfié? phosphorenes, “ transition-metal dichal-  path toward the utilization of BH as high-performance KIB
cogenide$§}'” transition-metal carbides and carbonitridesgnodes.

(MXenes)'® and boron-based matefid$® among others

have been widely investigated. These reports have provi dCOMPUTATIONAL DETAILS

important insight into the use of sophisticated anode materials

for wearable electronics. Compared with other synthetic 2bBhe calculations were performed on the basis of the
materials, borophene is the lightest metalloid and possessesdispersion-corrected density functional theory (DFT-D2) per
lowest-Z element to form extended covalent networks. Thugyimmé* as implemented in the Drhaiodulé®*° with the
borophene holds great potential to be applied in wearab@generalized gradient approximation and PeBRieksS
applications. However, borophenessufrom free-standing Ernzerhof as the functional. All electrons including some
instability, easy surface oxidation, andutti transferring  relativistic eects were adopted to treat core electrons with the
from silver substrates, which limit its applications. In thibasis set of double numeric plus polarization. The convergence
scenario, it is of great importance to develop new simptgiteria of energy, force, and displacement for geometry
synthesis methodologies and stable boron-based derivativesgfimization were set at 1x010°°> Ha, 0.002 Ha/A, and
overcome the instability of borophene while maintaining itg.005 A, respectively. For BH single-wall nanotubes, the
excellent properties. Recently, Kondo &t siiccessfully  periodic boundary condition along the tube axis direction was
fabricated a hydrogen boride (BH) monolayer at roomgpplied. A vacuum layer of 20 A was used to minimize the
temperature by exfoliation and complete ion-exchanggti cial interactions because of the employment of periodic
between protons and magnesium ions from.M§® as-  poundary conditions. A smearing of 0.002 Ha was used, and
synthesized BH monolayer possessed high St%b'“ty and, for {he global orbital cutovas xed at 5.6 A for all calculations.

rst time in boron-based 2D structures, a Dira’fifg low ~ Tpe complete linear synchronous transit/quadratic synchro-
mass density, unique electronic structure, excellent stabilify, s transit search protGédassisted by the transition-state
and simple and eco-friendly fabrication process of Bl mation method was used foding the saddle points

monolayers provide this material with potential for KIByhg the minimum-energy paths (MEPS) with a root-mean-

applications, although this potential remains to be investigat;ﬁuare convergence of 0.002 Ha/A. The stability of the

Moreover, limited attention has been paid in previous works [Qq o4e material was investigated by performing ab initio
the eects of mechanical bending on the electrochemic

erformance okxible electrodes. Since mechanical bendin |SOIQCU|6‘r dynamics (AIMD) simulations in a canonical
peric , - ; . 9 Ehsemble (NVT) at 300 K. Besides, the electron density
inevitable during wearable deviogsration, this phenomen- erence and the electron localization function (ELF) were
on must be studied, especially for wearable batterg)alculated using the CASTEP module.

applications. .
In this work, we systematically investigated the mechanical?rhe open-circuit voltage (OCV) was calculated as

electronic, and electrochemical properties of BH monolayers as & & &
KIB anode materials. The bending and in-plamessies of v=S B S .S (%S 4 &
the BH electrode revealed higéxibility and favorable ne (1)
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Figure 2.Energy evolution of a single BH atom pair with the radius of (a) armchair and (b) zigzag BH nanotubes. Diamond symbols and solid
lines represent the values obtained from DFT calculations and continuum model, respectively. The illustration prouidaotieatqa)
armchair and (b) zigzag BH nanotubes.

whereE, andE, are the total energies of the substrate coverethe energy derence of the BH atom pair in nanotubes and

by X, andx, respectivelyy represents the energy of a single that in a planar monolayer as a function of the tube radius as
K atom in a body-centered cubic bulk; gr@hdx, are the ollows

numbers of inserted K. In addition, the spemergy-storage _ &2

capacity was determined as Bube™ Eiaye SoBul /2 3

o XmaF wherer is the radius of the BH nanotubigg;. andE,y.are

@) the energy per BH atom pair in tubular asd BH

. ) . compounds, respectively; &d 3.96 X is the area of the
Whel’_eXmaXIS the maximum concentra_tlon of ad_sorbed:K; BH atom pair in a BH mono|ayer system. To deteBgine

1; Fis the Faraday constant; avid,, is the weight of the  series of BH nanotubes with afient diameters were
substrate. All of the capacity data referenced in this article wetstructed. Thetting curves are shownFigure 2whereas
converted according to the above formula for the sake €He corresponding structural parameters of the fully relaxed BH

sub

comparison. nanotubes are providedTiable S1The calculatef,, values
for the BH monolayer along the armchair and zigzag directions
3. RESULTS AND DISCUSSION [0.43 eV (6.8% 10°°N m) and 0.60 eV (9.64 10°°N m),

3.1. Structure, Electronic Properties, and Flexibility of respectively] revealed a noticeable anisotropy. We note that
the BH Monolayer. The BH monolayer consists of a the BH monolayer showBg values well above those of well-
graphene-like skeleton with hydrogen atoms on both sideslafown exible electrodes including graphene (1.443%eV),
two parallel 8B bonds, forming continuous hydrogen chaingphosphorus (5.21 e¥jand Mo$ (9.33 eV):° This lowB,

(Figure &). As indicated by the blue dashed rectangle iwvalue provides the BH monolayer with excellent stress
Figure &, the optimized lattice constants of the primitive celielaxation characteristics, thereby preventing electrode per-
werea = 5.31 A and = 3.02 A, in agreement with previously formance fade induced by stress-induced crack propagation. In
reported experimerttaland theoreticd*>?’ results. The  addition, to avoid electrode fracture upon repetitive bending
length of the BB bond with (without) H atoms and the and folding operation, we further estimated the elasticity
distance between two symmetric H atoms were 1.83 A (1.72rformance of the BH monolayer by calculating its in-plane
A) and 1.94 A, respectively. Since the electronic propertiessif ness. The corresponding energy curves under uniaxial and
the electrode determine its rate capability and cyc?ﬁg?lity, biaxial strains are shown kigure SlaThe mechanical

the band structure and partial density of state (PDOS) of Blgroperties of the BH monolayer along the armchair and zigzag
were calculatedrigure b). The BH monolayer showed high directions were anisotropic, with calculated elastic ni€)duli (
metallicity with some B 2p orbitals crossing the Fermi levedf 157 and 109 N/m, respectively. These values were
such that additional conductive additives are not required zomparable to those of Mo@33 and 133 N/mf§° ,,

the electrode. Similar to boropt€nend graphent, the borophene (123 and 147 N/f)and Nb$ (139 and 132 N/

Dirac cone was obtained near the Fermi level, which coutd).*® Thus, the BH monolayer showed favorable elastic
facilitate charge transport and, in turn, improve the charginghiodulus and low bending sgss, thereby holding great
discharging rate. However, unlike pristine borogheame potential as aexible anode material.

borophan€ in which metallic transport is observed along only 3.2. Adsorption and Di usion of K on the Pristine BH

certain directions, the BH monolayer showed isotropidlonolayer. The electrode performance can be meticulously
metallicity, which is advantageous for electrode applicationgstimated by considering the adsorption endegjean(d the

Flexibility is a crucial property for any electrode materiai usion energy barrier§,{) of a K atom on the electrode
intended for wearable devices. Thexibility can be  surface. With this aimve feasible symmetric sites (indicated

characterized by the out-of-plane bendingess By) of in Figure &) were considered to determine the most energetic
the electrode. Theoreticaldy, could be obtained bytting K adsorption comuration. As shown rigure 3, K occupied
8117 DOI:10.1021/acsami.8b22214
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Figure 3.(a) Top and side views of the most energy-favorable adsorptgurations of K on the BH monolayer. (b) Schematic hopping path
for K ions on BH electrode surfaces and (c) corresponding enelggy. pro

Figure 4.0ptimized corgurations of (a) armchair and (b) zigzag BH nanotubes. The outer surfavedigsi¢he convex side, whereas the
inside one is denoted the concave side. For convenience, half of the nanotubes are hidden. Egleuldtét) ), on convex and concave
sides of BH nanotubes withetient curvatures.

preferably the hollow site above the B-hexagon, upon which Bad = BowS Esus Uk (4)
the BH substrate showed a slight ben#jpgvasS0.21 eV,
which was calculated by

8118 DOI:10.1021/acsami.8h22214
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Figure 5(a) Top and side views of the optimized structures of a defective BH monolayer, (b) corresponding band structure and PDOS. The greel
circles denote hydrogen defect sites, whereas the orange circles indicate the retained Dirac cones in the defected BH electrode.

wherek , andE, are the energies of pristine and metalizedow E,,, value (0.32 eV) for K migration was comparable to
BH monolayers, respectively. It is important to note that thithose of well-known Li electrodes such as graphite (34 eV),
calculated,4 was considerably lower than those reported fographene (0.3 eV, and Mo$ (0.24 eV):* Nevertheless,
pristine borophen&(.45 eV for 1, borophenes1.43 eV for  wearable devices undergo repetitive bending, rolling, and
3 borophene, an81.88 eV for striped borophené)rhis folding. Thus, it is of great concern to consider the adsorption
reduced bonding to K ions in anodes is llefor the  and diusion performances of K ions in BH electrodes under
achievement of high output voltage when assembling ingh erent bending conditions.

batteries. This behavior could be partially attributed to the 3.3. Adsorption and Hopping of K lons on Curved BH
passivation of active B atoms on the boron sheet surface by thectrodes. The eects of mechanical bending on the
covered hydrogen atoms as observed in Li and Na adsorptigféctrochemical performance of a BH anode were considered
on C-borophanéand BH monolayefS?® The lowE,qmight by investigating the adsorption andigibn of K on curved

also result from the higrexibility of BH since energy is ejectrode surfaces with afient curvature radii. The curved
consumed via adsorptionkiced bending. Moreover, a BH surfaces were constructed by wrapping BH monolayers
repulsion interaction between K and H emerged as a resylto nanotubes with various diameters. For convenience, we
of the large atomic radius of Kigure &). As a result, H _ considered only the two typical wrapping directions yielding
atoms are pushed away from their equilibrium positions. Thgy; 54 and armchair nanotubes. To avoid theciadrti
weight of the latter two factors could be obtained bynteraction among K atoms produced by the periodic boundary
calculating the substrate deformation endgy ((e., the  cgngitions, we considered & B x 1 supercell for armchair
energy dierence between pristine and deformed BHy,nq1nes and & 2 x 1 supercell for zigzag nanotubes
substrates upon K adsorptidg), was calculated to be 0.21 (Figure 4,b), and these supercells showed adjacent-ion

ev. distances of 9.00 and 10.58 A, respectively. Besides, each K

a’?ﬁwzhgv\/\(’gréﬂgg’%ﬁﬁe% d }gztiﬁegi%pg%sfzn&a}gvﬁfrgz?;ant:aon atom could be adsorbed on both sides of the curved BH
b Y urface (i.e., concave and convex sides as labelgdrén

thermodynamic equilibrium site to its nearest one in light o g
. . ,b). The calculated results are showrFigure 4,d.
the BH symmetry. The energy pes along with their marked Interestingly, the most stable adsorption gruwation on

EZ: xg:ﬂgsagﬁgs&(;wgalmggr?OEéZGeeVr;e\rAzlizliIg, Sggﬁﬂ;allgwgred BH nanotubes was still above the center of the hexatomic ring
than those calculated for the path 1 (0.58 eV) and the path (QOHOW site), _vvhereas the caIcngEgp/alues vary with the
(0.58 eV). An intuitive estimation of the K-ion hopping CUrvature radius and the adsorption modes.
dynamics could be achieved by considering thsiati As shown IrFigure 4, the BH monolayer showed larger
coe cient D) a nity to K on the convex side, wigh, increasing with the
curvature on both bent surfaces. The calclateds lower
Epar on the concave side compared with the convex side. This
g 5) di erence increased with the curvature, ancteedce of ca.
0.36 eV could be achieved upon a big bending. This

whereE,,, andkg are the diusion activation energy and the discrepancy could be rationalized by the steeict én
Boltzmann constant (8.6210°° eV/K), respectively, ark which dierent repulsions between K and H exist for the
refers to the operation temperature of the battery. At rooronvex and concave sides upon bending. In the convex side, a
temperature, the K-ion hopping along the path 2 was ca. 2.8parse distribution of H atoms emerged upon bending,

x 10* and 2.30¢< 10 times faster than those along the path 1providing more room to accommodate large K ions. In
and path 3, respectively, revealing a strong anisotropy. Thistrast, in the concave side, external bending compressed the
behavior is guite common in 2D materials (e.g., borojfheneH atoms and squeezed the hexagonal center, hindering K-ion
phosphorus’ and penta-graphéfle allowing oriented adsorption. We found that the surface activity of the electrode
migration of metal ions through the electrode. Moreover, thewas more sensitive to the bending surface compared with the

eX
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Figure 6.(a, b) Considered absorption sites and calclilgtfnt K on the defective BH electrode. Partial density of states (PDOS) and slices of
electron localization functions (ELFs) for K adsorbed on hollow sites of (c, €) a pristine BH monolayer and (d, f) A-concave site of the defective
BH monolayer.

bending strength. Even if the curvature changed from 5.00wadth optimized lattice constants of 10.47 and 9.00gAré
11.67x 10°%A, the change i,y was as low as 0.06 eV. To 5a). Unlike the remarkable structure reconstruction observed
reveal the ect of bending on the charge/discharge rate, thdor defective phosphoréfiesilicené>*® and Re§’ systems,
migration properties of a K ion through zigzag and armchatine introduction of hydrogen vacancies resulted only in slight
BH nanotubes with dérent curvatures were calculated bending for the BH monolayer (curvature radius of 21.76 A
(Figure 4). Unlike E,, a reduced hopping resistance wasalong the armchair direction) with a low formation energy
observed on the concave side, and the opposite trend wW#&s). The E- is de ned as follows
observed on the convex side. The hopping dynamics was likely= _ &
to be related with tHe.,of K in the initial states, with higy e = BoonS Bert ©)
resulting in largé,, and vice versarigure 4,d). In the  whereE.gandEygy are the total energies of the defective and
concave sideg,,, decreased to 0.17 eV at high curvaturethe corresponding BH monolayer, respectively, whgrisas
Nevertheless, tig,, increased only by 0.09 eV over a widethe chemical potential of a hydrogen atom obtained frgm a H
range of curvatures, revealing high stability against extermmllecule. Th&: calculated for hydrogen vacancies (1.06 eV)
stress. was similar to that of sulfur vacancies in @SB eV’ and

3.4. E ect of Hydrogen Defects on the Electro- lower than those of boron vacancies;in(1.93 eV), 3
chemical Performance of the BH Monolayer. The BH (1.6553.18 eV) boropherié tin vacancies in stanene (1.86
monolayer was synthesized by a combination of exfoliation agd)*° silicon vacancies in silicene (3397 eVY" and
ion-exchange methods. This fabrication process inevitallgrbon vacancies in graphene &7%8)°° This low value
introduces hydrogen defects in the BH system. Besides, lattiegealed that hydrogen vacancies are easily formed, potentially
vibrations at elevated temperatures also lead to the generatieaching high equilibrium concentrations at elevated temper-
of hydrogen defects in BH systems. This motivated us ttures. Wu et &.recently demonstrated that stanene having
further consider the ects of hydrogen vacancies on thevacant defects formed a nanomesh structure rather than a
electrochemical properties of the BH electrode. A defective Bidrous structure because of vacancy aggregation. To explore
monolayer structure was simulated by removing one hydrogiiis possibility, the mobility of hydrogen vacancies in a
atom from a 2x 3 pristine BH monolayer (vacancy defective BH monolayer was estimated by considering the
concentration of 2.1%), yielding a little lattice constrictiorvacancy dusion resistance. As showrFigure S2a,kdwo

8120 DOI:10.1021/acsami.8h22214
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elementary migration pathways (paths | and Il) weralleviate the adsorption-induced substrate deformation. The
determined for vacancy wion, and the calculatég,, partial DOS (PDOS) of K adsorbed on the A-concave site was
values were 1.19 and 1.44 eV, respectively. Thesg,high calculated and compared with that of the hollow site in pristine
values suggested that the hydrogen vacancies in B3H (Figure 6,d). As expected, only a few overlapped peaks
monolayers have low mobility, thereby favoring the formatidretween K and B were observeedure 6, revealing a weak
of nanohole structures rather than nanomesh structures. interaction of K with the pristine BH substrate. In contrast, the
The band structure and PDOS of the defected BHdefective BH showed many new overlapped peaks in the
monolayer were calculateHigure ). Unlike that of PDOS Figure @), suggesting a more robust bonding between
graphene whose conductivity is severely reduced by thee K atom and the substrate. This enhanced electron
formation of defects, the metallic conductivity and Dirac conateraction of K on defective BH was also demonstrated by
of BH remained very stable under the presence of H defedt&FS slices. As shownFigure § except for the electrons
(Figure b). Moreover, hybridization between B and H atomsaggregating between the K and B atoms, most of the electrons
was intense in the defective BH monolayer, with some nealso accumulated between the K atom and SBebBnd,
overlapped peaks in PDOS produced by local atomiwhich is absent in the case of K on pristine BtLi(e &),
reconstruction. We also considered the mechanical propertifgmonstrating enhanced interaction between K and the
of defective BH. The energy curves of this material undsubstrate, in line with the above PDOS analysis.
uniaxial strains were calculated and illustratéiduire S1b With regard to the hopping dynamics of K ions on the
The E for the defective BH monolayer along the zigzaglefective BH monolayer, we considevedand three feasible
direction is similar to that of the pristine counterpart (106 vs
109 N/m), whereas that along the armchair direction
decreased substantially from 157 to 115 N/m, becoming
more isotropic. The thermodynamic stability of the defective
BH monolayer was estimated by AIMD simulations. The
shapshot of a defective BH sheet monolayer at 3ps is shown in
Figure S2Although the comguration of the defective BH was
more curved compared with that of the pristine one, the
structural integrity was retained. Moreover, as shévguia
S2d the energy and bond lengths 8BBand BH varied
within a small range at the given time. All of these data
indicated that the hydrogen vacancies in the BH monolayer
were very stable, and no segregation or structure collapse was
observed at typical battery operation temperatures. The
defective BH monolayer also maintained the excellent
electrical conductivity and mechanical properties.
The formation of hydrogen defects in BH broke its
symmetry, thus reducing the homogeneity of the adsorption
sites for K. To determine the most energetic site for K
adsorption on defective BH, 18 adsorption sites on the
defective BH surface were consideFégli(e @, 2SI sites
above both the concave and convex sides). The calgylated Figure 7.(a, b) Migration paths and correspondiggvalues of K

(Figure ©) revealed enhanced absorptivity for all of the sitegns on the concave side. (c, d) Migration paths and corresponding
of the defective BH material compared with that of the pristingnergy prdes of K ions on the convex side.

one. On the convex side, K was adsorbed only in hollow sites
similar to those of pristine BH. In contrast, on the concave
side, D-concave and B-concave sites appeared as two new
adsorption corgurations near the vacancy, WEithvalues of  di usion paths on the concave and convex sides, respectively
S0.65 andS0.64 eV, respectively. Nevertheless, the mogiFigure &,c), and the correspondig, values are shown in
stable adsorption site remained to be the hollow Sigese Figure B,d. Since K at the E-concave site is an unstable
S3. The enhanced adsorptions were found to depend on thedsorption coryuration, thenal state (FS) of the path 4 and
distance to the defect: the closer to the defect, the Bigher the initial state and FS of the path 5 were adjusted to those of
At the A-concave site (the hollow closest to the H vacancyfhe B-concave site. As showrFigure B, the enhanced
E.reached0.74 eV, revealing a sigantly higher anity to hopping dynamics of K ions with reduggg(0.0350.28 eV)
K compared to that of pristine BHQ.21 eV). Interestingly, on the concave site could be determined compared with that
another neighboring defect (E-concave site) was determineddn pristine BH (0.32 eV). Similar to enhanEggdby H
be unstable for K adsorption, with K spontaneously spreadingcancies, the decreasing trerig) pflso showed a distance
to the B-concave site after optimization. e ect (i.e., the closer to the defects, the Idygr In

To reveal the origin of this enhanced interaction between Karticular,E,,, decreased to only 0.03 eV for theusibn
and defective BH, K adsorbed on the A-concave site walng the path 5, indicating ultrafastsion dynamics for this
selectively analyzed. As indicated above, the energy relegssti. With regards to the dsion of K ions through the
upon K adsorption on BH substrates was partially used tmnvex side, the minimum-energy path (MEP) was the
deform the substrate. K adsorption on defective BH resulteddh usion along the path 7 wiky, of 0.29 eV, which was
an By as low as 0.10 eV, lower than that calculated for thslightly lower than that of the K-ionufion on pristine BH.
pristine material (0.21 eV). Thus, H vacancies in BH hel@enerally, apart from improving the interaction between K and

8121 DOI:10.1021/acsami.8h22214
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Figure 8.(a) Calculated open-circuit voltages (OCVs) as a function of storage capacity and the corresgpmdiiansaf K intercalation in

the BH electrode (inset). (b) Comparison of the capacities between the defective BH electrode and other typical KIB anode materials
reported S15171851554 xThege data were converted usimgiula 2for comparison since the mass of embedded K was considered when
calculating the capacity in the original texts.

the substrate, H vacancies also improved thesiah of the mass of adatoms. As shovi#igiare 8, the low average
dynamics of K ions. atomic mass and excelleninigy to K of B-based anodes

3.5. K Storage on the BH Monolayer.Having revealed provide these materials with inherent capacity advantages for
the adsorption and hopping behaviors of K ions on a defecti¥@Bs. Although; borophene possesses the highest K storage
BH, we examined the open-circuit voltage (OCV) andccapacity among the materials studied herein, its complex and
theoretical spea capacity (TSC). A series of intermediate expensive synthesis limits large-scale applications. In contrast, a
K,B,H»3 products with dierent stoichiometrieg € 3, 6, 9, BH monolayer is more stable and could be fabricated by a
and 12) were considered to simulate the charging/dischargisgnple ion-exchange method. Moreover, the BH electrode
process. For each K-ion concentration, several possillelivered very high capacity (ca. 6 times larger than that of
intercalation comurations were investigated to identify theT|3C2,1515 4S5 times higher than those of graphitnd
most stable one. The maximum capacity was achieved wh&€Si.>* and &3 times larger than those of black
the OCV became nonpositive or convergent. Accordingly, vehosphoren&? MoN,°* TiS,** VS,** GeS;? and
calculated OCV values at each stage along with th'EZCSbS“) The lattice expansions of the BH electrode in the
corresponding energetic ogurations FKigure @&). More xSy plane were calculated to be only 1.85% under full K
details about the average adsorption enefgjgs as a intercalation, reducing the risk of electrode pulverization. The
function of the K concentrations are showfignre S4 ultrahigh theoretical capacity, appropriate OCV, ardhhle

At early stages of intercalation, K tended to adsorb on thelume expansion upon charging of the defective BH
convex side of the defective BH monolayer, whereas K wasnolayer make this material appropriate for fabricating
evenly distributed on both sides at higher concentrations. Irexible KIBs.
addition, the potential drops atetfient charging/discharging Finally, AIMD simulations were conducted to explore the
platforms remained very smooth, revealing a steady outpghermal stability of a potassiated defective BH electrode at
voltage for the BH electrode. We note that this quite constanbom temperature. The snapshots of thegcoations at a
potential drop has also been observed in Shukldset algiven time (2 ps) are showrHigure 8. Generally, the overall
investigation on a BH anode for Li-ion battéti@sevious  structures remained intact with K ions adsorbed separately on
reports indicated that, for practical applications, the ide#the electrode, although structural deformation was clearly
potential range of an anode should be witH1@M>° Low observed. To evaluate the reversibility of the electrode, the
OCV values in the anode could produce high output voltag@stercalated K ions were removed and further AIMD
when integrating into a full battery. Béng from the simulations on the residual anode were perforRigdre
enhanced anity of a defective BH monolayer to K, we 9bSf). The deformed electrode was fully recovered to its
calculated the average voltage to be 0.24 V, slightly higher tleambryonic structure after 0.4 ps at 300 K, indicating good
that of a commercializedSgraphite system (ca. 0.15°%). cyclical stability. To this end, we investigated the electronic

According tdormula 2 the TSC of K in a defective BH conductivity of the BH electrode atedent intercalation
electrode was calculated to be 1138 mAh/g with a chemicabncentrations. As showrFigure S5the main contribution
component of KH,:B,,. Figure 8 shows the comparison of of electronic states at the Fermi level shifted from B 2p orbits
K capacities between a BH monolayer and other typical 20 the 3p orbital of K upon increasing K concentrations. A
anodes®15171851554 Noteworthy, if we consider the mass of large number of electrons injected to substrates from K
the adatoms, TSC is numerically lower. To eliminate thisccupied the empty states of the defective BH monolayer,
discrepancy, the TSC was recalculated without consideratiproducing an increase of the Fermi level. Thus, the BH
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Optimized BH nanotubes; stfésisain curves for
pristine and defective BH; schematic migration pathways
of a hydrogen vacancy in the defective BH monolayer,
and the calculated energy pes and AIMD simulation
results; the most energetic quration of K-ion-
adsorbed defective BH and the average adsorption
energy E,, at di erent K-ion concentrations; partial
density of states (PDOS) for elient K ions on
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