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ABSTRACT: Insight into the crystallization process of functional materials deposited
thin Ims in an amorphous state is essential when phase pure samplesc of sp
polymorphs are sought for utilization of performance aspects or fundamental studig
this work, we report on controlled crystallization @nd -MoO; polymorphs from e ,
amorphous Mogthin Ims produced by atomic layer deposition (ALD). The;MinG é
are amorphous as deposited. Our experiments showtth@s starts to crystallize frony ,
amorphous MoQat a surprisingly low temperature of A850nly 20°C above theE
adopted ALD deposition temperature. Thirs of the -MoQO; polymorph start to slowly
convert into -MoO, at temperatures above 3@ however, long holding times are °
required to obtain phase pure products. High-qualitylthisamples (electrodes) were
characterized by electrochemical cycling toward lithium, demonstratingatioht- 0 22 24 26
MoQO; transfers into the same chemical state during cycling and that amorphous MoO 20 ()
undergoes less change upon cycling.

1. INTRODUCTION @)

The atomic arrangements of solid materials strongbnae
their functional properties. This is especially important in cas
where the crystal growth procedures of functional materials ¢
result in dierent polymorphs. Reliable synthesis routes fo
phase pure samples are highly valued, particularly as a basi
detailed physicochemical characterizations. When achieva,
amorphous (noncrystalline/nano) materials are good startirL '
points for the formation of phase pure materials of speci ‘
polymorphs through controlled crystallization. In this papet,.
we invgst_igate the c_onversion of X-ray amorphous mobe(E%‘éﬁf)'_g,erSti{AsotrOuBCtt;&ESOfa(ag)'\/l?gsd (;?urzﬁj?g db;bs)ed-l\gﬂqstacked
num tr'ox',de (MOQ_ mfto the - and -MoO; polymorphs bilayers, while-MoO; adopts the W§Xtype structure, corresponding
with the aim of achieving phase pure samples. to the perovskite structure with empty A-sites.

MoO; has shown great potential within thedds of
catalysi$,® optical devicdsmemory devicésgas sensing MoO,

technologie$,and electrochromisimand exists in several - coylombic eciency after prolonged cycling. Nanochemical
polymorphic forms. In addition to the stablél00; methods, exploiting nanoscopic morphologies (i.e., hanobelts)
polymorph, metastableMoQ; (Figure ), -, -, andh- and/or doping with, e.g., tmigen, have improved the
MoO, are reportell.”® -MoO; adopts a layered ortho- coulombic eciency, and state-of-the-art speciapacity
rhombic structure constructed of ABAB... stacked bllayers\%ﬂues are 250 mAh g* after 300 cyclés?® The two-

distorted Mo@octahedra that interact via van der WaalSgjectron reaction occurs at moderately high potentials versus
interaction&: Metastable -MoQ; is formed via crystalliza- Li/Li*, making -MoO, suitable in devices demanding high

tion of amorphous Moginder careful annealifig. -MoO; energy density. The electrochemical performance of the
adopts the W@structure type, a distorted Re@pe

structure, and can be described as a perovskitg) (WBO

an empty A-site. Conversion eMoQ; into the stable - _ i

MoO; can be achieved by heating above’ G536 Revised: April 28, 2020
For applications in electrochemical devicé#oO, has  Published: April 28, 2020

been for more than 30 years considered a potential cathode for

lithium-ion batteries, due to its high theoretical capacity (372

mAh g?) when a two-electron reaction is exploited; 2Li +

(b)

Li,M00,.*%?° However, it is challenged by a reduced
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MoO; polymorph is not widely studied, but its properties are8. RESULTS AND DISCUSSION

hypothesized to be similar 00, *** The limited interest e MoQ; thin Ims were amorphous as-deposited, consistent
in -MoG; is possibly related to diulties in synthesizing \yith previous report§®® The initial approach for crystal-
phase pure sampfés. , lization of the samples was to anneallthg at 300 and 500
Various polymorphs of MgChave previously been oc for 10 min in an RTP furnace, resulting in predominantly
deposited as thidms by several techniques, including puIsecMoo3 at 300°C and -MoQ; at 500°C, respectivelyF{gure

laser Q(?po?sitio’ﬁ,molecqlar beam epitaxychemical vapor 2). Although crystallineeMoQO; dominates after annealing at
depositiort RF sputtering and atomic layer deposition

(ALD).*" The current focus is on the latter ALD technique in ,
which amorphousims are obtained at the relatively low a-MoO,
deposition temperature of 1852° Diskus et al. prepared
amorphous MoQby ALD and crystallized thedes into
both - and -MoQ, by thermal post-treatmentThe -
MoO; phase was obtained by annealing for 12 min 4€500
on Si(111) or 8 min at 40TC on A}O4(001), although -
MoO; impurities were observéd’ In the current work, we
revisit the postdeposition crystallization processimsitg

di raction, with the aim of achieving phase pure lths of

- and -MoO;. Finally, we evaluate the electrochemical
performance of- and -MoQO; thin Ims in lithium-ion
batteries.

T T T

—— 500°C
— 300°C

(200,

Log Intensity (a.u.)

2. EXPERIMENTAL SECTION

Amorphous Mo@thin Ims were deposited in an F-120 Sat (ASM 260 (0)
Microchemistry Ltd.) reactor at 185 based on the work by Diskus . . . A
et al. using water, ozone, and molybdenum carbonyi (Mo(CO) Figure _2.D| raction patterns of initially amorphous Moldhs after
(Sigma-Aldrich)) as precursbtdlhe overall reaction is based on ?nneallng for 10 min shows the preosencd\/m‘o3 (Pnma at 500
sequential exposure of the surface with vapor of Mo&D@)a C and of -MoG;, (P12/cl) at 300°C, red and black patterns,
combination of ozone and water. The process is highly temperatJfSPectively. Weak signatures of (200) and (400) fromMiu®;
sensitive outside the temperature rangelT3PC, inside which a  Phase are present in the sample annealed ‘al,3¥marked by +;
growth rate of 0.7 A/cycle is obtained. More details on the proce$g00) from the Si substrate is marked by
and its ALD nature is given in fiét In the hot-wall, crossw
reactor, the precursors were pulsed by inert gas valves into t o
reaction charﬁbéJr.The reactor FF))ressure Béluring dgeposition was o0 J3180 C, the resence of (200) and (400) of tHdoO; phase
the order of 1 mbar. Water and molybdenum carbonyl precursol® apparent.” Contrary to previous reports, we do not
were kept at room temperature as this yieldisnt vapor pressure. observe any presence of th&loO; phase for samples
Nitrogen was pulsed over the molybdenum carbonyl precursor aganealed at 50TC. Note that the -MoO; Ims appear as
carrier gas to help transport the precursor into the reactor. Ozone waighly oriented in the [100] direction with0Q) Bragg
generated from 99.6% (AGA) by a BMT 803N ozone generator, re ections dominating the daction pattern, possibly due to
giving an ozone concentration &b wt % Qin O,. Film thickness  heterogeneous nucleationd acolumnar growth during
was an?lyz?g by spec;[rggg%plc elll_lphsortr;]_etrly J. A. YVGSE)”;:‘ annealing.
a wavelength range o nm. The thinlm samples used for " . .
crystallization studies had a thickness160 nm, deposited on A primary Ch?‘”enge IS the formation of phase gD;
Si(100) substrates. Rapid heat treatment (<1 h) was carried out intdin  ImS, owing to its metastable nature. Hence, the
rapid thermal processing (RTP) furnace (OTF-1200X-4-RTP-UL@Ppropriate conditions for nucleatingloO; from the
(MTI Corp.)) in 1 atm air. Longer heat treatments (>1 h) were amorphous deposit without formation of the thermodynami-
carried out in a standard tube furnace in 1 atm air. cally stable -MoO; phase requires a delicate balance in
X-ray diraction (XRD) data were collected on a Bruker AXS D8temperature and time that was not achieved in our eénitial
powder diractometer equipped with a Cu tube, a Ge(111) situannealing attempFEigure .°? We therefore address this
monochromator, and a LynxEye dete¢tositu di raction data  phase transformation issue utilizirgitutemperature variable
were” cloglgcted .O”Oa PéANi‘%t";\:/a' Emggrelimsatﬂotme;gt)wnhtta di raction crystallization experiments.
parafle’ beam mirror anc a ergence st Stafic ParerNS Initial in situheating experiments with slow ramping of the

were collected with a PIXcel3D detector equipped with°a&d04 . .
soller slit, in static line mode and scanned in thange from 21.00 @nnealing temperature show thitoQ; crystallizes at lower

to 27.75. In situannealing was carried out with an Anton Paar DHstemperatures than earlier anticipated, i.e., already below 200
1100 stage under an air cooled carbon dome in air. °C. Therefore, we set the starting temperature af #itu

Coin cells (CR2032) were assembled in a glovebox (MBraun) witheating experiment at 18Q, slightly above the adopted
0, and HO levels <0.1 ppm under an argon atmosphere (AGAdeposition temperature of 1% This temperature was held
99.999%). The working electrode, 100 nm of JdiePosited on a  for 3.25 h while diaction patterns were collected regularly
316 stainless steel disk, was separated from the Li metal cour(t@{,ery 30 min). After 3.25 h at 188C, no signs of
electrode by electrolyte-soaked glass separator (GF/C, What- crystallization were observedigire }. We therefore

man). A 1.0 M solution of LiCi(099.99%, Aldrich) in ethylene A
carbonate/dimethyl carbonate (EC/DMC 1:1 in volume, 99% Sigma(-;onCIUde that the amorphous as-grown phase is kinetically

Aldrich) was used as electrolyte. Cyclic voltammetry (CV) measurslable at the deposition temperature for all practical concerns.

ments were carried out in the potential range o#D.0/ vs Li/Lt The heating sequence (isothermal for 3.25 h followed by

at a sweep rate of 0.1 m\* svith an MPG-2 battery tester dynamic steps of°&) was continued up to 21Q. After 2.8

(BioLogic). h at 185°C, the (011)-reection of -MoO; emerges, as
3862 https://dx.doi.org/10.1021/acs.cgd.0c00156
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Figure 3.In situcrystallization dfaction experiment of amorphous  Figyre 4 Arrhenius plot for slopes extracted from XRD crystallization
MoO; thin Ims on Si(100). Left: Temperature peoof the experiments (black squares) and line@ed line). The activation

experiment. Right: Contour plot of the collectethdlion patterns.  energy for nucleation 0fMoG; is calculated to 2.05 eV.
The (011)- and (200)-rections of -MoO; are marked. The red and

green dashed lines indicate tte signs of crystallization and point
of increased crystal growth, respectively.

structure and unit cell parameters betwedtoO; and
perovskite-type oxides such as SrE@d LaAlQ we
hypothesize that deposition on such single-crystal perovskite
marked by the dashed red lind=igure 3 The intensity of  substrates can stabilize th®oO; phase at 168C. This
(011) continues to increase slowly up to ZD0indicating represents opportunities for future studies.
continued nucleation ofMoOs. During the isothermal step at -MoQ; (= 4.50 gm %) has a more open structure than
200°C, the intensity of (011) rapidly increases, as marked by-MoO; ( = 4.75 ¢m ¥ with corner-shared octahedra
the dashed green lineFigure 3indicating an onset of crystal compared to edge-sharing octahedral bilayers and is thus
growth. Above 200C, the intensity of (011) remains expected to nucleaterst if allowed enough tirfié®
constant. No further change was observed in traetitin Nevertheless, the onset temperature for nucleation of
pattern upon subsequent cooling. MoQ; is a very relevant parameter for ensuring conditions that
The observed variation in idicted intensities indicates at might yield phase pureMoQs. From our initial experiments,
least two kinetically limited processes. It is natural to assumwe know that -MoGO; nucleate at 30TC (Figure 2. Further,
these are nucleation and growth, respectively, as alrean\situdi raction experiments in the temperature range 200
indicated above. The driving force for nucleation dominates 810°C, with isothermal annealing for 50 min after e&€h 5
lower temperatures, while higher temperatures govern tf@ynamic) temperature step, showed no sign-MbO;
required diusion process for growth. Assuming this to beormation This is contrary to our observation of coexistence
directly transferrable to our case, we conclude on continuoabthe - and -MoQ; after annealing at 30Q (Figure 2,
nucleation of -MoGO; up to 200°C whereafter rapid crystal suggesting that nucleation oMoQO; is also kinetically
growth takes over. By applying an Arrhenius law for extracteihdered. We ascribe this contradiction to theretice
increments in the diacted intensity of (110) forMoO; as a between an RTP and a conventional furnace. In an RTP, the
function of temperatur&igure S1Supporting Information), sample is heated by absorption of light, and the temperature is
we deduce an activation energy for nucleatiotMofO; in reached extremely fast, while in conventional furnaces that
amorphous Mogof 2.05 eV igure 4. Our identi cation of have a large thermal mass, more time may be needed for a
an activation energy for nucleation illustrates well the notaldample to reach thermal equilibrium. In addition, a slight
di erences in phase formation during annealing between aideviation in calibration may be the origin of the contradictory
study and the one by Diskus et &iskus shows a transition result.
from -MoO;to -MoO; within 10 15 min for annealing at This hypothesis was investigated by long-term annealing at
500°C, while we observe a similar transition afG4&fter selected temperatures. Amorphobmss of MoQ were
some hours. This is according to a temperaiore- annealed at 238 for 1 and 10 days, respectively, and at
transitiors> 250°C for 1 h. Evaluation by XRD after annealing shows that
We note that the crystallization temperature of amorphows! Ims consist of phase puréMoQO;, with no sign of -
MoO; into -MoO; at 185°C occurs close to the ALD MoO; (Figure ). Evidently, these temperatures areisumtly
deposition temperature of 18&. One may therefore low to suppress the nucleation éfl0o0;. Therefore, we
speculate whether deposition at higher temperatures wowddggest that phase puh@s of -MoQO; can be obtained by
yield crystalline -MoO; phase directly. However, the annealing in the temperature range 260°C and that long
deposition temperature window is limited upward by the&nnealing times are ideal due to slow nucleation and crystal
thermal stability of the Mo(C@jprecursor and depositions at growth. The low crystallization temperaturesvdO; are of
higher temperatures were therefore not atteripiéel.note great interest since they allow for monolithic integration in
that alternative precursors allow deposition of;ldodgher silicon-based electronic devices (integrated circuits) at low
temperatures; howeveiMoGQ; is not reported to be obtained thermal budgets, for example, electrochromic applications.
as deposited by ALD, only in mixture with other pfiasés. We further investigated the transition freMoO; to -
On the other hand, on the basis of the similarity in crystafloO; by carrying out an isothermal experiment G40 a
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the potential range 1.00.00 V vs Li/Li (Figure ). The
crystalline sample annealed for 24 h at@38isplays two
irreversible cathodic reactions at 2.60 and 1.57 V during the
rst discharge~{gure a). A rst cycle anodic peak is observed
at about 2.70 V during charging. We observe a large cathodic
peak at about 2.21 V, and an anodic peak at about 2.43 V, in
the second and 10th cycle. However, the peak positions shift
somewhat from the second to the 10th cycle, toward a higher
potential for the cathodic reaction, and toward a lower
potential for the anodic reaction, meaning a reduction in
overpotential for the involved redox pair. In addition, very
broad cathodic and anodic peaks emerge for the 10th cycle at
3.30/3.50 V, indicating an electrochemically induced redox
reaction. The reversible redox pair (2.21/2.43 V) is in line with
previouslg reported values fotMoO;, indicating the
reaction-*<°

MoO, + xLi  LiMoO,(® X  15)

Figure 5.XRD patterns of-MoGO; thin Ims realized by annealing at From the second cycle, the electrochemical behavi@nof

250°C for 1 hin an RTP furnace (black) and at Z33or 1 (red) -MoO; is very similar, i.e., the redox potentials are similar,

and 10 (blue) days in a tube furnace. Thectins are indexed 5 the overall shape of the CV-curves are similar. We believe

according to-Mo0; (P12/c1). ™ marks (200) from the Si substrate. this suggests that both compounds gradually transform into the
same state upon cycling. However, this is beyond the scope of

sample of -MoO; prepared by heating at 280 for 1 h this work and is left for future studies.

(Figure §. -MoO, appears after 1 h at 320. We clearly _In_comparison, the sample anneal_ed for1 h_ aC28tows _
observe the rections from both the- and -MoO, phases signi cantly less deed electrochemical reactions. Cathodic
throughout the conversion of thd1oO, Im into -MoOs. reactions at 2.34 and 1.55 V are present; however, they appear

The two phases coexist during the transformation procei@}’erSible and weaker compared to the sample annealed for 24
which represent a reconstructivat-order phase transiton D at 235°C (Figure B). We ascribe the airence in
where -MoO; nucleates from the matrix oMoO,. The  €léctrochemical performances of the two samples to a
presence of-MoO;, even after 6 h (total duration of the di erence in crystallinity. For we_llmmj z_an_d crystallme
experiment), suggests that the nucleation-6O; is a materials, we expect redox reactions within relatively well-
limiting factor for the phase conversion. Fhwodi cation is € ned potential ranges, as observed for the sample heated at
maintained upon cooling, pointing toward an irreversibl§35 Cfor24 h.'Th|s is in contrast to the sample heated at 250
transformation from- to -MoO,. C for 1 h, which reects mostly an amorphous state. This

The electrochemical performance @¥oO, is poorly result indicates that 1 h of annealing at°@5i3 insu cient
explored and calls for attention. Cyclic voltammetry (Cvjor complete conversion of the amorphous material.

studies were therefore performed for tW®O; thin Ims in The electrochemical reactions-ioO, occur at a higher
potential in the rst cycle than reported forMoQO; in the

literature. This indicates a more ionic Kobonding in -

MoQ;, in compliance with the structuregy(ire ) where the
polyhedra in -MoO; are corner-shared, whereas the
connectivity of the octahedra #iMoGQ; include edge-sharing.
Furthermore, the state thatMoO; and -MoQ; is trans-
formed into upon cycling appears to be more covalent than the
starting oxides. Amorphous Mp@n the other hand, behaves

di erently from both - and -MoQO;, and undergoes less
change upon cycling, although with lessiede electro-
chemical reaction&ifjure B).

Our current ndings raise questions on the amorphous
phase fraction in the-MoO; samples electrochemically
investigated in this and other works. The electrochemical
data for the sample heated at Z3%or 24 h are well in line
with a complete crystallization intd100;. On the other
hand, the sample heated at 25Gor 1 h still contains large
mass fractions of amorphous Mtfat cannot be detected by
XRD. We therefore speculate whether some of the attractive
properties reported forMoQ; for lithium-ion batteries may
emerge from the remains of amorphousMeithstanding a

Figure 6.Contour plot of the draction patterns collected during an larger number of cycles before deterioration. Amorphous
isothermain situdi raction experiment at 34@, displaying the =~ Materials often display high performance in electrochemical
conversion from the- into the -MoO; phase. Rections devices, e.g., the ultrahigh power capabilities shown for
originating from - and -MoQ, are marked with Miller indices. amorphous iron phosphafe.

3864 https://dx.doi.org/10.1021/acs.cgd.0c00156
Cryst. Growth De2020, 20, 38613866


https://pubs.acs.org/doi/10.1021/acs.cgd.0c00156?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c00156?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c00156?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c00156?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c00156?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c00156?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c00156?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c00156?fig=fig6&ref=pdf
pubs.acs.org/crystal?ref=pdf
https://dx.doi.org/10.1021/acs.cgd.0c00156?ref=pdf

Crystal Growth & Design pubs.acs.org/crystal

Figure 7.CV measurements between 1.0 and 4.0 V for 100/u®; Ims deposited on steel substrates and annealed at’@)@384 h and
(b) 250°C for 1 h.
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