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Tw@-dimen§ional (2D) nanosheets have been widely explored as electrode materials owing to their

mérily high electrochemical activity and fast solid-state diffusion. However, the scalable
rication based on this type of materials usually suffers from severe performance losses due
tedion transport kinetics in large thickness. Here, a novel strategy based on evaporation-
embly to enable directional ion transport via forming vertically aligned nanosheets is

il = ¢ BN ¢')
2 ° o2
S

rep orientation ordering is achieved by a rapid evaporation of mixed solvents during the
electrode fabrication process. Compared with conventional drop-casted electrodes, which exhibit a
ran angement of the nanosheets and obvious decrease of rate performance with increasing
thi vertically aligned nanosheets electrode is able to retain the original high rate capability

at high mass loadings and electrode thickness. Combined electrochemical and structural
ons reveal the electrode composed of orientation controlled nanosheets to possess lower
er resistances, leading to more complete phase transformation in the active materials.

ant

The su ithium-ion batteries (LIBs) in powering consumer electronic devices and electrifying

M

the transportation sector has stimulated considerable research interest in exploring new materials

and structL meet the ever-increasing technological demand for higher density and more

rapid ener 1 Besides the efforts to exploit synthetic and engineering methods toward high
performan ials and advantageous structures,' equally critical is the development of scalable
manufa ick electrode to achieve high loading of active material without compromising

power deiity.!!I This direction of research requires scientific knowledge in assembly of materials

with ion- mron-conducting phases, understanding of multiscale transport processes, and

rational%)mposite architectures optimizing the electrode kinetics.™”
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Many newly explored electrochemical active materials with ultrathin 2D morphology and
tunable interlayer structure have been demonstrated to show promising properties toward energy
storage MS.“’] However, there are several key scientific hurdles that must be overcome to
allow thes to fulfill their full promise. For instance, 2D nanosheets usually suffer from
diminish.ed—!erormance when fabricated into thick electrode films.® At the heart of this issue is the

lack of suitable fabrication methods to replace traditional ones that often lead to restacking of 2D

C

nanosheet | strategies exist to facilitate ion transport throughout the entire film thickness by

introducing] nAhos@ale porosity or microscale vertical channels,” and their applications to 2D

S

nanosheet ectrode have been recently demonstrated.”® But such mitigation strategies tend

U

to produc des with relatively low volumetric energy density due to the unnecessary porosity

or void ger!rated.

An intgigu @

operty of 2D nanosheets is their large aspect ratio, which could be exploited to

ures with desired orientation, exhibiting superior material properties over their
randomly arr counterparts.” This manipulation of the macroscopic assembly state is
particularly useful to produce dense films in a controlled and scalable manner. For example, thick
films basecsn vertically aligned 2D Mxene nanosheets have been shown to facilitate directional ion
transport t to thickness-independent electrochemical performances.” In comparison with
strategies t le similar directional transport mechanism, for instance, ice-templating method,
the main agantage by direct tuning orientation of the nanosheets is the resulting compact structure

withoutwoid space. Despite the success of such self-assembly approach presented in

Mxene system, thig approach remains challenging to be extended to other 2D nanosheets due to the

required formatigm of a unique liquid-crystalline phase and the associated multistep fabrication

process@eless, the demonstrated high rate performance enabled by vertical alignment
This article is protected by copyright. All rights reserved.
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manifests the importance of precise control of directional ion transport in nanosheet-based thick

electrodes.

{

Inaco al electrode preparation process, a slurry of a mixture containing active material,
conductive other additives in a solvent is casted onto the current collector and allowed
I I

to dry. WRile much attention is focused on the slurry itself, such as the ratio of between each

componeniand the role of additive, the drying process has not been fully utilized to control

C

electrode architectures. During evaporation of the solvent, particles of active material gradually
precipitate ange themselves according to the minimum energy configuration.[w] If the

evaporation procéss is extremely rapid, the arrangement of active material may be kinetically

Gl

affected a nal configuration may essentially freeze into a thermodynamically unfavored

It

state. The of using solvent evaporation toward ordered and oriented structures has been

well establigh everal anisotropic nanomaterials, for example, gold nanorods.™ Inspired by this

cl

concep k, we used ultrathin VOPO, nanosheets (Figure S1, Supporting Information) as a

model materi o demonstrate a facile fabrication method to achieve orientation control in the

W

evaporation process. We found that almost-randomly arranged nanosheets with slightly preferred

horizontal §tacking would be the representative morphology using the conventional fabrication

[

method (F ). Intriguingly, a dense film of vertically aligned nanosheets (VANS) could be

0O

produced a id drying of the slurry prepared in a mixed solvent (Figure 1b). The assembly of

nanosheet§lon an electrode with a vertical alignment configuration highlights a low tortuosity

q

structur: iglent ion transport, which is absent in the stacked nanosheets on a conventional

{

electrode.

U

A

This article is protected by copyright. All rights reserved.

4



iom transport
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Figure 1. 8chematic illustration of assemblies of VOPO, nanosheets and associated transport

characteris ) conventionally made electrode with random arrangement and b) VANS

d

electrode cal alignment. c) Key steps in the solvent evaporation induced alignment method

usedint

V]

[

The k ccess for orientational ordering lies in the controlled evaporation process

(Methods, @ g Information) and associated alignment mechanism. As depicted in Figure 1c, a

typical VAN rode fabrication process starts with a slurry composed of a concentrated

N

suspen PO, nanosheets and spherical Super P as the carbon additive in a mixed solvent,

|

necessa ess. Rapid solvent evaporation is enabled by heating and evacuating the air over

the electrode (Fighlre S2, Supporting Information), leading to quick shrinkage of the slurry volume

5

with an ass increase in concentration. During this process, the nanosheets experience two

A

opposite e downward gravitational force and an upward force induced by the evaporation

This article is protected by copyright. All rights reserved.
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flow. As a result of the net torque from the two forces, the nanosheets rotate clockwise until they

become vertically aligned with respect to the current collector. Though being a product of the kinetic

t

P

process, t ority of the nanosheets maintain a vertical configuration as there is insufficient
relaxation m to reach a more thermodynamically stable state of laying flat, leading to

formatio-n € VANS electrode.

[]

The raffona lection of VOPO, material in this study is based on its unique structural

SG

characteristics associated electrochemical properties. The 2D layered structure of VOPOQ, is
composed teg€onnected VO, octahedra and PO, tetrahedra, containing active vanadium centers

with a high redox Potential (Figure 2a). More importantly, its relatively large interlayer distance due

U

to the exis interlayer water molecules features high-rate electrochemical storage through

n

intercalati ocapacitance mechanism."?® The liquid exfoliation of bulk microcrystals

produces 3 st nd processable solution (Figure 2b), showing well dispersed nanosheets (Figure

€O

2c) as i anning electron microscopy (SEM). A close look at an individual nanosheet by

transmission on microscopy (TEM) reveals its ultrathin thickness (Figure 2d), and the
corresponding selected area electron diffraction (SAED) pattern (Figure 2e) confirms the single

crystallinitylafter exfoliation. The conventional electrode made by the standard drop-casting method

[

exhibits no ordering in the nanosheets except that they are mostly lying facing up, as shown

O

by the top f the electrode (Figure 2f). Consistently, the side view image (Figure 2g) also

indicates tRe nanosheets are horizontally stacked as expected from their large aspect ratio, though

q

not in a act configuration possibly due to the presence of the spherical carbon additive.

{

In contrast, the NS electrode clearly shows that the majority of the nanosheets are aligned

U

vertically, as vie from both the top (Figure 2h) and side of the electrode (Figure 2i and j). The

differe ments of the nanosheets on the electrodes are also reflected in their corresponding

A
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X-ray diffraction (XRD) patterns (Figure 2k), in which the ratio of peak intensities for the basal and
edge planes varies according to the preferred orientation.® For horizontal arrangement of the
nanosheetha\sal planes facing up, (001) peak shows the highest intensity. While in vertical
arrangeme, ly exposed edge planes cause intensity of (200) peak to be significantly higher

than thaq (o)

- -

Robust basal plane
containing
highly electroactive
metal centers

b @o

L8 it

-
uxd

Large interlayer
distance (7.41 A)

endowing
intercalation
pseudocapacitance
k —— VANS electrode
—— Conventional electrode
(200)
3 (001)
&
)
‘»
=
g
=
10 20 30 40
20°
Figure 2. S characterization of VOPO, nanosheets and nanosheet-based electrodes. a) Basic

structural properties of VOPO, material. b) Dispersion of VOPO, nanosheets in 2-propanol after
exfoliat@hology of the nanosheets. d) TEM image of an individual nanosheet and e) the

corresp

L

pattern. f) Top and g) side views of the conventional electrode. h) Top and i,j)

side views of the YANS electrode. k) XRD patterns of the two electrodes showing different relative

peak inten{basal and edge planes.
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The suiess i’)bserved vertical alignment is a combination of using a mixed 2-propanol/water

solvent in mreparation and applying an intentional rapid evaporation process. Control

experimen he possible effect of Super P carbon additive on the alignment, as films of
I I

VOPO, nan@sheets prepared without Super P exhibited similar morphologies (Figure S3, Supporting

Informatio@ct, the vertical alignment seems to be even better without Super P. Slow

evaporation, such as air-drying and freeze-drying, failed to induce the vertical alignment (Figure S4,
Supportingmtion), indicating such configuration is likely a product of a kinetic process. The
importanceof3 the mixed solvent should be emphasized as neither 2-propanol nor water alone
was able to the VANS electrode even under rapid evaporation. However, it should be noted
that in thﬁ

pure water, the nanosheets were found to form aggregated clusters, which

indeed ex partially vertical aligned arrangement (Figure S5, Supporting Information). In a

L ®

previou Ivent evaporation induced self-assembly of graphene,

31 3 similar solvent effect

was employe the resulted oriented arrangement was attributed to the appropriate surface
tension of mixed solvent. Here, it is possible that water molecules tend to induce assembly of
nanosheet!into stacked clusters by interacting strongly with individual nanosheets.™ Therefore,
the critical ater in the mixed solvent can be understood as a binder to enhance molecular

interactions en the nanosheets, thereby increasing the packing density that required in the

final vertic! alignment.

Advan architectures based on vertically aligned nanosheets have shown great promise for

applications invoiSng directional mass transport.lls] To demonstrate the benefit of using VANS

electrodes_wi tentially enhanced transport kinetics, their electrochemical performance in LIBs

was investig ith conventional electrodes serving as a reference. In terms of rate capability, the
This article is protected by copyright. All rights reserved.
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conventional electrodes exhibit excellent performance with low mass loading (1 mg/cm?), but the
delivered capacities become lower as the loading increases (3 and 5 mg/cm?), especially at high C

rates (Figure 3a). The challenge of building thick electrodes using 2D nanosheets is clearly

pt

manifeste ificant performance loss at 5 mg/cm?. For instance, at this high mass loading,

the conventionar lectrode cannot be charged or discharged beyond 5 C. In contrast, the VANS

[

electrode with 5gng/cm’ mass loading exhibits much improved rate performance compared with the

C

correspon entional electrodes (Figure 3b). In particular, its delivered capacities at high rates

(5 and 10 cldse to that of conventional electrode with 1 mg/cm? mass loading. At low rates,

S

the capaci omewhat lower in the VANS electrode, indicating the contact between VOPO,

U

nanosheet per P becomes less effective as a result of orientation change. Other than that,

the VANS @&lectrode exhibits stable cycling performance at 5 C up to 1,000 cycles (Figure 3c), while

f

the instab rved in the first few cycles is likely to be caused by insufficient electrolyte

d

penetration electrode under high C rate. The well-preserved aligned structure of the VANS

electrode cling (Figure S6, Supporting Information) confirms its high structural stability.

VA

Despite ikening of the nanosheets possibly due to repeated lithiation/delithiation

processes, the vertical channels for directional ion transport remains largely intact.

[

Autho
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Figure mical performance of conventional and VANS electrodes. a) Rate capability of
the conventio ctrodes as a function of mass loading. (b) Rate capability of the VANS electrode

at 5 mg/cm”. (c) Cycling stability of the VANS electrode at 5 C.

To gairhnto charge transfer processes in the nanosheet-based electrodes, kinetic analysis

using eIecaI impedance spectroscopy (EIS) was carried out during a complete charge-
discharge ¢ igure S7, Supporting Information). In the discharge process, a series of depressed
semicirﬁfrequency and a straight sloping line at low frequency could be observed in all
eIectrod#gureS& Supporting Information). The size of the semicircle is seen to increase slightly

and then decrea; to almost the original value in the 1 mg/cm2 conventional electrode, which

showed the ectrochemical performance. In all the other tested electrodes, a similar trend can

be observe e semicircles differ widely in size. Comparison of the Nyquist plots of all tested
This article is protected by copyright. All rights reserved.
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electrodes, for instance at open circuit voltage (OCV), clearly indicates the existence of thickness
dependent and alignment dependent charge transfer kinetics (Figure 4a). To quantitatively analyze
the eIectmfical processes, the impedance data were fitted to an appropriate equivalent circuit
(Figure S9, ing Information) and the simulations were carried out to determine values for
charge Earg%stance at various voltages with thickness taken into consideration.!”® Generally,
the charge trangfer resistance initially increases and then decreases in conventional electrodes
(Figure 4b). nsport kinetics seems to be very poor in the one with 5 mg/cm? mass loading, as
the evolutwmtance values seriously lags behind the common trend in samples with lower

mass Ioa:contrast, the 5 mg/cm® VANS electrode is somewhere between the two

conventio odes with 1 and 3 mg/cm” mass loading, as well as obeying the trend observed in

1 mg/cm”Qconventional electrode. The results obtained from EIS measurements are also in
accordanc e rate performance. The VOPO, nanosheets material has been previously

demonstrat eature a charge storage process not limited by solid state diffusion,™> !

therefore, ed charge transfer resistance here can be directly correlated to the ion transport
kinetics ctrode architecture. The increasing of charge transfer resistance in the

conventional electrodes displays an adverse thickness scaling effect that limits the scalable

fabrication of a thick electrode toward practical application. The reduced charge transfer resistance

in the VAde implies that ion transport has been enhanced in this architecture, which can
be unecﬂtributed to the vertical alignment. To directly visualize the impact of nanosheets
orientation_on ion transport process, two models of 600 x 450 nm nanosheet arrays with
representiﬁzontal and vertical arrangements were constructed based on the typical lateral

size and of the exfoliated VOPO, nanosheets (Figure S10, Supporting Information).

Dynami n of electrolyte into the nanosheet arrays under cell operation conditions were then

This article is protected by copyright. All rights reserved.
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simulated in COMSOL. For a fixed electrochemical reaction time, the concentration profile in the
VANS electrode exhibits a much deeper penetration depth compared with that in the conventional

electrode !i e 4c and d). Though the electrochemical processes were modeled with idealized

geometrie lume, the results clearly demonstrate the advantageous vertical orientation

that enaﬂ)leiﬁaa itated ion transport. The contrast is expected to be even larger in real electrodes as

the diffusiongcharnels are more distorted in the conventional electrode, in which the nanosheets are

more rand nged.
a b
804 ° Conventional 1 mglcmi ocv 120 4 — Convent?onal 1 mg.’cm: i
@ Conventional 3 mg/cm’ s Conventional 3 mg/cm
Conventional 5 mg/cm? L Conventional 5 mg/cm?
> VANS 5 mg/cm? 100+ [l VANS 5 mg/cm? b
60 |
&
E & 804 4
o E
G 40 o
= 40 o
R N
(14
20
999
339 oy 2 %
0 fﬁ“\v N
T T T T T
0 20 40 60 80
Z' (Qcm?) ocv 38V 36V 34V
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nm T v v v r T T (moliL) nm T T T (moliL)

1

400

w
=]
[=]

300 ‘ ’ | III
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e W Hw B M MG S 700 W0 a0 s G0 nm
Figure 4. A i charge transfer kinetics using EIS and simulation of ion transport in conventional
and VANS es. a) Nyquist plots for various electrodes at OCV. b) Comparison of charge
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transfer resistance at various discharge voltages. Simulated electrolyte concentration profiles in the
simplified models representing c) conventional electrode and d) VANS electrode.
Themenhameesmion transport kinetics in VANS electrode is further corroborated by probing the

phase tranhn of the active material using in situ XRD.™® To best differentiate the lithiation

and delithfation cesses between conventional and VANS electrodes, two 5 mg/cm? electrodes

C

were subj wo or three cycles at an intermediate charge-discharge rate of 1 C (Figure S11,

S

Supporting Information). In both cases, the (001) peak upshifts upon discharge and returns to its

original positi on charge, which relates to the reversible insertion of Li ions into the layered

U

structure (Ffgure 5a and c). In addition, appearance of a permanent peak at ~16° could be spotted in

N

the as show d cycle, and the corresponding voltage profiles on the right again confirms a

a

higher capagit e VANS electrode. Two key differences are manifested in the contour plots of

peak in es (Figure b and d). First, the shift of (001) peak at fully discharged state is more

M

signific e VANS electrode, as highlighted by the white dashed contours. Since the position of

(001) peak corresponds to the layer separation of VOPOQ,, and intercalation of Li-ions generally

[

reduces t ayer distance, larger shift of (001) peak thus indicates higher extent of

intercalatig @ d, the newly emerged peak after first cycle, as highlighted by the red triangles,

has a much i intensity than that of the (001) peak in the VANS electrode. If this peak belongs to

a stabili

n

ase after the first lithiation process, then its higher intensity implies a larger

|

degree of Mitial structure conversion in the VOPO, nanosheets. Both observations conclude that, in

U

the VANS electrodé, a more complete phase transformation of the active material has been realized

during elec ical cycles. This is only possible when the ionic transport is improved in the VANS

A

electrode as red to the sluggish one in the conventional electrode at high mass loading. In

This article is protected by copyright. All rights reserved.
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fact, a similar contour plots showing large peak shift can be also found in 1 mg/cm? conventional

electrode (Figure S12, Supporting Information), matching well with the previous kinetics analysis.

a . b
%10 v
o Polymer o5 12
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1.8 9 08 10 10.9
16+ 0.5 .
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Figure 5. Pha sformation in 5 mg/cm?” electrodes probed by in situ XRD. a) In situ XRD patterns
collected during cycling at 1 C with associated charge-discharge profiles and b) contour plot of peak

intensitiessr 5 mg/cm’ conventional electrode. c,d) Corresponding plots for 5 mg/cm? VANS

electrode. ments were taken during the second cycle for both cases.

-

In suwary, '1e construction of orientation-controlled nanosheet-based electrode can be
achieved bl nt evaporation induced alignment mechanism. Directional ion transport enabled

by vertical nt of nanosheets demonstrates the feasibility of mitigating performance loss due

to impe @ transport kinetics in high mass loading electrodes. In the model system based on

This article is protected by copyright. All rights reserved.
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VOPO, material, the vertically aligned nanosheets electrode is able to deliver competitive rate
performance at a high mass loading where the conventional electrode almost completely fails. The
enhanced transport kinetics is well supported by the smaller charge transfer resistance and more
complete &ormation probed by in situ electrochemical and structural characterization.
Besidesﬂwe!_imnusmg electrochemical performance, the solvent based electrode fabrication method

developed |j work offers a facile yet powerful technique to build advanced electrode

architectur igh density and low tortuosity, and can be readily extended to other material

systems sbw similar nanosheet morphology.

Supportinin:ormation

Supporting Informition is available from the Wiley Online Library or from the author.

Ackno
This researc upported by the Center for Mesoscale Transport Properties, an Energy Frontier
Resear ported by the DOE-BES, under award #DE-SC0012673. D.M.L. acknowledges the

support of the National Science Foundation Graduate Research Fellowship under grant no. 1839287.

L

Conflict of Intexe

The autho

Keyw();

nanosheets, solvent evaporation, vertical alignment, thick electrode, Li-ion batteries

no conflict of interest.

t

AU

This article is protected by copyright. All rights reserved.

15



Received: ((will be filled in by the editorial staff))
Revised: ((will be filled in by the editorial staff))
Published online: ((will be filled in by the editorial staff))

e
O

References
H
[1] a) Mt d, J. M. Tarascon, Nature 2008, 451, 652; b) J. B. Goodenough, K.-S. Park, J. Am.

(2]

(3]

(4]

(5]

(6]

(7]

(8]

ch@n. So8 2013, 135, 1167; ¢) Q. Wu, C. D. Quilty, K. J. Takeuchi, E. S. Takeuchi, A. C.
Ma¥sghilgk, MRS Adv. 2018, 3, 1269.

Q

) m Liu, Y. Cui, Nat. Energy 2016, 1, 16071; b) M. R. Lukatskaya, B. Dunn, Y. Gogotsi,
Nat. un. 2016, 7, 12647; c) E. Pomerantseva, Y. Gogotsi, Nat. Energy 2017, 2, 17089; d)
L. SZ."Fang, Y. Zhu, C. Yan, G. Yu, Adv. Energy Mater. 2018, 8, 1702179; e) Y. Shi, X.
Zh ) Acc. Chem. Res. 2017, 50, 2642.

a)
20 b) Y. Kuang, C. Chen, D. Kirsch, L. Hu, Adv. Energy Mater. 2019, 9, 1901457.
) . E. Usiskin, Y. Yu, J. Maier, Science 2017, 358, eaa02808; b) P. F. Smith, K. J.
a C. Marschilok, E. S. Takeuchi, Acc. Chem. Res. 2017, 50, 544; c) X. Zhang, A. M.
u, L. Peng, J. Li, E. Stach, Y. Zhu, K. J. Takeuchi, E. S. Takeuchi, A. C. Marschilok, G.
o Futures 2018, 2, 035008.

a
T

m. Zhu, D. Baumann, L. Peng, Y. Xu, |. Shakir, Y. Huang, X. Duan, Nat. Rev. Mater.

> Bonaccorso, L. Colombo, G. Yu, M. Stoller, V. Tozzini, A. C. Ferrari, R. S. Ruoff, V.
Pellegrini, Science 2015, 347, 1246501; b) L. Peng, Y. Zhu, D. Chen, R. S. Ruoff, G. Yu, Adv.
Energy Mater. 2016, 6, 1600025; c) H. J. Lee, J. Shin, J. W. Choi, Adv. Mater. 2018, 30,
17w Y. Zhu, L. Peng, Z. Fang, C. Yan, X. Zhang, G. Yu, Adv. Mater. 2018, 30, 1706347.

a) W. Liu, Adv. Mater. 2012, 24, 4097; b) X. Zhang, Y. Zhu, A. M. Bruck, L. M. Housel,
L. D. Quilty, K. J. Takeuchi, E. S. Takeuchi, A. C. Marschilok, G. Yu, Energy Storage
Mate , 19, 439.

Lin, X. Zhong, X. Huang, N. O. Weiss, Y. Huang, X. Duan, Nat. Commun. 2014, 5,
45?; b) H'Zhang, A. . Cooper, Adv. Mater. 2007, 19, 1529; c) J. S. Sander, R. M. Erb, L. Li, A.
ukijala, Y. M. Chiang, Nat. Energy 2016, 1, 16099; d) H. Zhu, W. Luo, P. N. Ciesielski, Z. Fang,

J. EHenriksson, M. E. Himmel, L. Hu, Chem. Rev. 2016, 116, 9305.
a) H.Sun, L, Mei, J. Liang, Z. Zhao, C. Lee, H. Fei, M. Ding, J. Lau, M. Li, C. Wang, X. Xu, G. Hao,
B. rea, |. Shakir, B. Dunn, Y. Huang, X. Duan, Science 2017, 356, 599; b) L. Peng, Z.
Li, L. Wang, A. M. Bruck, Y. Zhu, Y. Zhang, K. J. Takeuchi, A. C. Marschilok, E. A. Stach,
This article is protected by copyright. All rights reserved.

16



(9]

(10]
(11]

(12]

(13]

(14]

(15]

[16]

(17]

(18]

E. S. Takeuchi, G. Yu, ACS Nano 2018, 12, 820; c) H. Ma, H. Geng, B. Yao, M. Wu, C. Li, M.
Zhang, F. Chi, L. Qu, ACS Nano 2019, 13, 9161; d) X. Zhang, Z. Ju, L. M. Housel, L. Wang, Y.
Zhu, G. Singh, N. Sadique, K. J. Takeuchi, E. S. Takeuchi, A. C. Marschilok, G. Yu, Nano Lett.

pt

a) @ . Lee, S. Kwon, S. Seo, H. Yoo, S. Kim, Y. Shin, Y. Park, D. Kim, J.-Y. Choi, H. Lee,

AC o"20M1, 8, 4580; b) Y. Xia, T. S. Mathis, M.-Q. Zhao, B. Anasori, A. Dang, Z. Zhou, H.

@h otsi, S. Yang, Nature 2018, 557, 409; c) G. Xin, W. Zhu, Y. Deng, J. Cheng, L. T.
A. ). Chung, S. De, J. Lian, Nat. Nanotechnol. 2019, 14, 168.

C. rin Y. Lu, A. Sellinger, H. Fan, Adv. Mater. 1999, 11, 579.

W. , F. Bai, H. Fan, Angew. Chem. Int. Ed. 2019, 58, 11956.
a) w Lu, L. Peng, K. Xu, X. Peng, J. Huang, G. Yu, Y. Xie, Nat. Commun. 2013, 4, 2431,
b) Peng, D. Chen, G. Yu, Nano Lett. 2016, 16, 742.

3

J. u, S. Ding, Z. Liu, RSC Adv. 2017, 7, 15469.

J.- abriel, F. Camerel, B. J. Lemaire, H. Desvaux, P. Davidson, P. Batail, Nature 2001,

B
~

ah

a) p. H. Wang, J. J. Cha, M. Pasta, K. J. Koski, J. Yao, Y. Cui, Nano Lett. 2013, 13, 1341,
, T. Gengenbach, R. King, L. Spiccia, A. N. Simonov, Chem. Mater. 2017, 29, 3092;
ng, C. Liu, Y. Tian, M. Han, Q. Wang, X. Hong, Q. Ding, W. Zhu, J. Bao, ACS Omega
089; d) G. Wang, J. Zhang, S. Yang, F. Wang, X. Zhuang, K. Miillen, X. Feng, Adv.

er. 2018, 8, 1702254.

T e

m
S

a) D. P. Abraham, S. Kawauchi, D. W. Dees, Electrochim. Acta 2008, 53, 2121; b) N. Ogihara,
Y. Itou, T. Sasaki, Y. Takeuchi, J. Phys. Chem. C 2015, 119, 4612.

I

a) L. Peng, Y. Zhu, X. Peng, Z. Fang, W. Chu, Y. Wang, Y. Xie, Y. Li, J. J. Cha, G. Yu, Nano Lett.
20 73; b) Y. Zhu, Y. Ji, Z. Ju, K. Yu, P. J. Ferreira, Y. Liu, G. Yu, Angew. Chem. Int. Ed.
205.

.

N Q. Zhang, A. Bruck, D. C. Bock, C. A. Gould, A. C. Marschilok, K. J. Takeuchi, E. S.

imA. C. West, J. Electrochem. Soc. 2018, 165, A371.

=
h
=<

Aut

This article is protected by copyright. All rights reserved.

17



Fabrication of dense and vertically aligned nanosheets-based electrodes is achieved via a controlled
solvent evaporation process. The structurally advantageous architecture features excellent rate
capabilities, lower_charge transfer resistances and more complete phase transformation of active
material}

[

erior to the arrangement of stacked nanosheets commonly found using the
conventio ode preparation method.
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