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ABSTRACT: The discovery of the intrinsic magnetic order in single-layer. ¢

chromium trihalides (CgXX = I, Br, and Cl) has drawn intensive interest dug organic acids ® a0 HE

to their potential application in spintronic devices. However, the notorious BRI -~ O,
. . ) . . . SR Crly + 38,5%  wiiiie Sapisably 4 B

environmental instability of this class of materials under ambient conditionS< = Asts o™ & & £ 4% S o »

renders their device fabrication and practical application extremely challénging, == " " === <

Here, we performed a systematic investigation of the degradation chemistry of s w « SIS

chromium iodide (Cy), the most studied among Gréémiliesyia a joint 5 PSS AR R
spectroscopic and microscopic analysis of the structural and comppsition . sa. . + <
evolution of bulk and exfoliated naak@s in dierent environments. Unlike ‘. T~ : &

other air-sensitive 2D materialsy; Gndergoes a pseudst-order hydrolysis - : . o

in the presence of pure water toward the formation of amorphous Gnf@H)

hydrogen iodide (HI) with a rate constark, af 0.63 day* without light. In contrast, a faster pseudberder surface oxidation of
Crl; occurs in a pure £environment, generating Gréhd L with a large rate constantkgf = 4.2 day'. Both hydrolysis and
surface oxidation of gdan be acceleratédlight irradiation, resulting in its ultrafast degradation in air. The new chemical insights
obtained allow for the design of a@otive stabilization strategy foi @iith preserved optical and magnetic properties. The use of
organic acid solvents d.formic acid) as reversible capping agents ensures;thah@dkes remain stable beyond 1 month due
to the e ective suppression of both hydrolysis and oxidation;.of Crl

INTRODUCTION 2D materials d.g. black phosphorus (BF)'” NbSe,'®

The emergent two-dimensional (2D) van der Waals (vdW}nsel'9 22_CrGeTg,_2 etd.”* “" A dgep understanding of the
magnets not only er an exciting platform for exploring novel d€gradation chemistry of {18 crucial for the development of
spin physics in a 2D lithif but also show great promise for an e cient stabilization stratégy:* Despite extensivets
spintronic applicatiofis? The ability to integrate them into devoted toward this goal, insights into the degradation
layered heterostructuséavdW technology further opens up chemistry still remain elusivé? *” The current Cg
unprecedented opportunities to engineercimitimagnetic  stabilization strategies mainly rely on the implementation of
quantum materials with tailored properties for quantuna multistep physical encapsulation method including protec-
technologies. tion viaa polymer, a hexagonal boron nitride (hBN) layer, and
Among the recently emerged vdW magnetic m<'J{'(%ri<'ﬂl|-‘:u_atomic layer deposition of metallic oxide g{
Crl; has been one of the most widely studied magnetig|,0,).1317 222737 ppysical encapsulation mayerothe

insulators in the atomically thin limit owing to its long-range,gyantage of direct device integration but lacks high scalability,
fei_rrogjl%g“r/lletlcl orderCar;]d tunablet |r]:te|rlayer magr;gtlc COUplution processability, and the possibility of additional
ping. onolayer Cgl has an out-of-plane magnetic €aSY chemical functionalization, which can be achieved by using a

axis with a Curie temperatufie) of 45 K}* while few-layer ) o
Crl; favors interlayer antiferromagnetic coupling, with a Ehemmal I‘Q’tf"tlb:jhztatlotn kTFthOd.' The Iitter ngate%égisg already
close to that of the bulk (61 K)Such a layer-dependent een exploited to stabilize air-sensitive m als.

magnetic ordering can be further tuned by an external elect<e
eld, crucial for future on-chip device integration. Received: August 23, 2021
However, the rapid degradation of;@in akes under  Published:March 16, 2022
ambient conditions represents a major obstacle in both
fundamental research and future practical appli¢ations.
The degradation rate of atomically thin; Cakes in air is
much faster (within minutes) than that of other air-sensitive
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Figure 1.Degradation behaviors of 8réino akes in air and J@. (a) Schematic illustration of the degradation behaviors of &rland in

H,0, and corresponding AFM images and heigHeprof the same Gmano ake before and after exposure in air for 30 s (b) and before and
after immersion in degassed water for 120 s (c). Note: The orange and red cungeséntslew correspond to the height changes across the
dotted lines in the upper left and upper right AFM images, respectively. Scate.bar: 5

Therefore, the development ekible chemical stabilization bump features within several secorisi(es &,b andsS23,

methods for 2D magnets is highly valGaiie. consistent with previous repdfthe bumps tend to develop
Here, we present a comprehensive study to explain tlo@ the edge of the narake and gradually grow in size toward

degradation chemistry of atomically thigr@tho akes under  the ake centerHigures b and S23. We also noted that

di erent conditions. The new insights obtained inspire us tdense, smaller bumps develop on the basal plane, though their

devise an ecient route for the stabilization of this material. size expansion is not as rapid as that of those initiated from the

Our studies reveal that Quhdergoes a photo-accelerated andedge, indicating a higher chemical activity on the edge of

pseudo+st-order hydrolysis reaction in the presence of pur@ano akes. After a few minutes, only large droplets remain in

water toward the formation of amorphous Cr¢dhid HI place of the original narkes Figure S2a indicating

with a rate constant of 0.71 de@.63 day") with (without) complete degradation. In addition, similar G &Rl InS&°

light irradiation. Similarly, the photo-accelerated and pseud§egradation of Grslows down sigriantly with the decrease
rst-order oxidation reaction of {dadily proceeds inan O  of the light intensityHigure Sj3

environment to generate Gr@nd b with a larger rate  The rapid degradation of it air may arise from complex

constant of 4.2 daywithout light irradiation. The hydrolysis chemical reactions involvingHO,, and light. To explain the

and oxidation reactions result in the ultrafast degradation gile of individual factors, west designed the experiment to

Crl; under an ambient environment. The new insightgreate a single-composition environment for the mechanistic

obtained here guided us to devise a new strategy to stabllggdy of the degradation of £rWe began with the

Crl; nano akes by using organic acids as protection solvents if;estigation of the degradation chemistry gft@tiinvolves
is found that Cglnano akes remain stable beyond 1 month in gither HO or O, with or without light irradiation.

formic acid due to the suppression of hydrolysis and SurfaceDegradation Chemistry of Crk in H,O. First, we

oxidation. Our work not only provides a new understanding %vestigated the possible reaction betweena@d pure

the degradation chemistry of ;dslit also demonstrates an H,O. Note that a pure J& environment is created through Ar

e cient chemical stabil_ization route fog,@vhich can also_ be lowing to eliminate the dissolved gas moleaig<Oy).

useful for the protection of a wide range of reactive 20domic force microscopy (AFM) was employed to monitor the

magnetic materials. change of Cglnano akes immersed in degasse@ HFigure

la,c). Distinct from the degradation behavior in air, the

RESULTS AND DISCUSSION thickness of the whole naake increases byt nm (from

We rst prepared atomically thin Crakessiathe mechanical 33 to 37 nm) after its immersion in water for 120 s. This

exfoliation of bulk crystalsigure S)lin a gloveboxlled with suggests the formation of insoluble products in the reaction

argon (Ar) gas. Upon exposure to air, rapid degradation detween Cgland HO, leading to an increase of the

Crl; nanoakes occurs, as evidenced in the appearance thicknessKigure Sy
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Figure 2.Probing the degradation chemistry of i@rH,O. (a) AEC of aqueous solution as a function of time. Inset shows the supernatant
solution of the sample at 5 days for AEC. (b) Relative concentration ratio between elementght theOgit" ion after soaking bulk Grl

akes in HO as a function of time, with the correspondinguifspectra obtained from the aqueous solution (inset). Error bars are derived from
the standard variation in Uvis measurements of three sets of parallel experiments. TEM image (c), high-resolution TEM image (d), and
corresponding FFT pattern [inset in (d)] of a fresh @ahoake. TEM image (e), high-resolution TEM image (f), and corresponding FFT
pattern [inset in (f)] of the same grano ake after a 2 minute reaction in degassed water. (g) EELS spectra were accprieed surfce
regions of the Cyhano ake after soaking in® for 2 min [marked in (e)]. (h) Plot of the conversion ratio of the iodine anion as a function of
time (in days) under derent storage conditions (light or dark, Ar). The dotted lines are the corresponditiggiataves, and theting
equation was labeled. Error bars are derived from the standard variation from three sets of AEC measurements of parallel samples. Scale &
nm in (c,e) and 10 nm in (d,f).

To further reveal how Gnieacts with kD, anion exchange H,0. Prior to the reaction with,8, a fresh Cglnano ake
chromatography (AEC) and UWMis spectroscopy were used with a lateral dimension 0800 nm Figure 2) shows a high
to track the variation of the anion and cation in watergcrystalline state with a hexagonal latiitgule @) and a
respectively/, while Fourier transform infrared spectroscopycharacteristic diaction pattern, as revealed in the correspond-
(FT-IR), transmission electron microscopy (TEM), anding fast Fourier transform (FFT) analysis varied the
electron energy loss spectroscopy (EELS) were employednmnocrystalline Grl(C2/m). After 2 min of soaking in
analyze the component of insoluble prodiiisie Sp AEC H,O (Figure ), an obvious change of the TEM contrast was
results reveal a prominent peak at a retention tim&7dd observed in a large portion of the;QGranoake, which
min attributed to | (Figures & andS#9, in contrast to the indicates a sigmiant degradation. Note that only a small area
rather featureless spectra obtained from blank Wwagere(  of the Crb nano ake survived. The disappearance of the Crl
S63. The peak intensity increases as a function of storadgitice in degraded regions, in combination with the resulting
time, indicating the generation ofrbm the reaction of Grl indistinct FFT patternHigure 8, re ects a crystalline-to-
with H,O. In addition, UVvis spectroscopy reveals a amorphous transition as the reaction proceeds. In a subsequent
negligible change of the adsorption feature associated WHELS analysis, it was noted that thereinces between the Cr
chromium cations (€9, suggesting that no additional L-edge features of the EELS spectra acquired in the degraded
chromium cation was generated by the sample degradatigample regions (deep red curveFigure g) and in the
(Figures B andS7). Therefore, a combination of AEC and surviving sample regions (orange curvegiare 8) were
UV vis spectroscopic studies reveals that ubdergoes  negligible. However, a new feature located at 530.5 eV is
hydrolysis in kD, which mainly yields &nions. This is also  observed in the degraded region and is attributed to the O K-
further supported by a gradual decrease of the pH value of thdge, which suggests that the insoluble product derived from
solution from 6to 4, attributed to the formation of HI from hydrolysis is likely to be amorphous chromium (llI)
the hydrolysis of Gyl hydroxid€! Based on these spectroscopic studies and on
In addition to the analysis of the soluble components, th€EM imaging, the degradation reaction betwegarerHO
insoluble products of the reaction withOHwere also  can be described using the following chemical equation
identi ed. XPS and FT-IR spectra acquired indicate that an
insoluble product is likely to be chromic hydroxiigu(es Crlg + 3H,0  Cr(OH)s  3HI
S8, Sy as evidenced by the observation of the features of The degradation kinetics of bulk;Crhkes in HO was
Cr(OH);in Cr 2p and O 1s spectra, a bending mode dCr  further studied by tracking the time-dependent quantitative
at 545 cm? and a bending mode of @ at 1619 cmtin variation of the | concentration with and without light
the FT-IR spectfd. °° In addition, we also employed TEM irradiationFigure B reveals a monoexpotential increase of the
and EELSKigure 2 g) to further probe the crystallinity and relative conversion ratio of elemental | in @tb | as a
composition of the materials before and after the reaction wiftnction of time, suggesting a pseusiBerder reaction
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Figure 3.Probing the degradation chemistry of iB10,. (a) In situXPS Cr 2p and | 3d spectra of bullk;@ria pure oxygen atmosphere within
2000 min of the start of the degradation. (b) ¥ spectra of aqueous solutions containing bylkn@rtlissolved oxygen under light (up) and
dark (down) as a function of time. (c) Increase and decrease of the peak area ratio of hexavalent GRrdfAIERIAAC iy )] with time.

The dashed line is the corresponding ditg curve for oxidation within 2000 min, and ttieg equation is labeled. The oxidized surface can
be removediaAr sputtering (orange region).

between Cgland HO.*" Here, the concentration of® and
Cr(OH); (low Kz 6.3 x 10 %) can be assumed to be
constant. Therefore, the hydrolysis rate of €rkan be

written as

dery _ di¥

r=8 -
dg  3di

The concentrations of produced]l ]) as a function of
reaction timet}, can be deduced from the equation

15 = gcry (18 &)

where [Cri], is the concentration of Gdtt = 0 andk, is the
rate constant of the generation oMonoexponentiakting
yields reaction rate constard¥ ¢f 0.71 and 0.63 daywith IS S
and without light, respectively. This also points out that ligfie oxidation proceeds. In addition, we also observed that
irradiation accelerates the hydrolysis.

Degradation Chemistry of Crk in an O, Environment.
Next, we probe the reaction betweep &@nll Q usingin situ
X-ray photoelectron spectroscopy (XPS). Both the bulk anekidation can be further accelerated by exposure to light
nano akes may undergo similar surface oxidation. HowevdFigure B). All these observations suggest that the reaction of
bulk Crl samples can be readily cleaved under ultra-hig8rl; with O, leads to the formation gfdnd CrQ, which can
vacuum conditions to obtain fresh surfacés $6auXPSWe

5298

collected a series of XPS spectra to track the composition
change of the bulk Grlake stored in a purg, @mosphere at

close to atmospheric pressurgfre a). The features at
578.1 and 587.6 eV associated with Cr 2p become gradually
broadened, while peaks centered at 621.8 and 633.3 eV
attributed to | 3d are gradually weakened as a function of time
(the area of the peak centered at 621.8 eV drop&®by after

2000 min). In addition, a new set of peaks appear at 579.1 and
589.3 eV, higher than that of Cr 2p of intrinsig. THese

new peaks can be assigned to CriVipdicating the
oxidation of Cglin a pure @ environment. A decrease in

the peak intensity related to | 3d indicates the desorption of
the | element. A gradual red shift in peak position as a function
of time is likely due to an increased surface chargticpe

elemental iodine 4l can be generated in water containing
dissolved @and Cr} (Figure B), indicating that Cylreacts

with O, to form b. Moreover, the formation rate gfrbm

be described by the following equation

https://doi.org/10.1021/jacs.1c08906
J. Am. Chem. So2022, 144, 52955303
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2Cri;+ 30, 2CrG; 3L gain of 0.89 eV. The reaction betwegar@ Cr}, results in
the oxidation of Cfl(O atoms are chemically bonded to Cr
Similar to the hydrolysis reaction betweeg abd HO, atoms,Figure #,c) and a release gf tonsistent with the

the kinetics study for the reaction with @s0 reveals a experimental observation. We have not performed similar
monoexponential increase in the peak area ratio of Cr(VI) ascalculations for the reaction betweega®d liquid water due
function of time Figure 8), suggesting a pseudst-order to the di culty in representing the liquid behavior and
reaction. The corresponding rate congtarbr the reaction  energetics, which arealient from those of gaseous water. In

in dark under a pure,@tmosphere (2 bar) was determined case of gaseous,® our DFT calculation reveals that

to be 4.2 day, through a monoexponentiating of the hydrolysis of Cgloccurs through the dissociation gOH
experimental data. Such a value is nearly an order of magnituatlecules and release of HI, wherein hydrogen and hydroxyl
higher than that of the hydrolysis reaction, suggesting a musind to adjacent iodine atoms and chromium atoms,
faster oxidation reaction. respectively. In addition,®also reacts with iodine vacancies,

In addition, the oxidation ceases at a later stage [a maximuwhich is an endothermic process. As the reaction with water
of 63 mol % Cr was oxidized into Cr(VI)], as shown in proceeds, Cylcan be fully converted into Cr(OH)Figure
Figure 8, suggesting a self-limiting oxidation process. That &12 and Table $1
to say, the surface of £Owas oxidized into Cr(VI), and the With the help of calculations, we draw a picture of possible
remaining Cgllayers buried underneath can survive due to theegradation processes, and as summarizegiia S1,3the
protection from the surface oxide layer. This is also taking intyydrolysis and oxidation of ate major chemical reactions
account the surface sensitivity of the XPS technique, whialtributed to its rapid degradation in Rig(ire S14, }5while
only acquires photoemission electrons within a depth of sevetta light is found to accelerate the whole degradation process
nanometers from the top surface. Moreover, the peak area rdifi@ely due to the spin transition triggered in the case of the
of Cr(VI) drops to nearly zero after Ar sputtering (orangeoxidation reactionF{gure SI0and eects of heat from
region inFigure 8) on the surface of bulk rl illumination. New chemical insights obtained here help us

We have used density functional theory (DFT) calcudevelop an ecient strategy for the stabilization of €id a
lations® to conrm the feasibility of these reactions. The judicious choice of acidic solvents, which can suppress both
binding energy for a physiosorbed oxygen molecule is 0.18 &ydrolysis and oxidation.

The calculated energetic peo(Figures 4, S10, and Table Stabilization of Crl; in Organic Acid Solvents.A trace

S reveals that the subsequent reaction betweamdCCr} amount of water and oxygen in the environment, which are
requires overcoming a moderate energy barrier of 1.6 ehqrd to remove completely, will induce the degradation of
which is anticipated to be further lowered due to the presen€&ls. Typically, the concentration of dissolved ogéqen is
of atomic defects in the materi&@g(re S11L Nevertheless, reduced in solvents, which thus suppresses the o%idation.
the whole reaction is energetically favorable with an enerfloreover, an increase of the proton concentration is expected
to inhibit the hydrolysis reaction of {iffigure &), but this

a 20 : : : : : : : : has to eliminate the aqueous acidic solution due to the
presence of a large amount gdHEven in a strong acidic
aqueous solution (pH 2), bulk Cry akes are completely
degraded within 3 day$&igure S16 Therefore, our key
protection idea lies in the choice of the organic acid solution
(e.g.formic acid, the simplest organic acid) to suppress the
chemical reactions discussed above.

First, the eective protection of Grin formic acid can be
veri ed based on the negligible color variation of the solvents
containing bulk Csin an ambient environment, in contrast to
a fast color change for Criakes stored in other nonacidic
solvents, such as acetone, hexane, acetonitrile, and so forth
(Figures B andS17. The morphology of the Grhano ake
. . ‘ . . . J J still remains intact after being kept in formic acid for 2 weeks
50 45 40 35 30 25 20 15 1005 (Figure B,d). Energy-dispersive X-ray spectroscopy (EDS)

Oxygen distance to Cr plane () mapping of Cr and | elemenisgure &,f) combined with the
observation of the characterisgimBde at 107 cmand Aq
b c % mode at 129 cm in the Raman spectrunFigure § i)
- further veries that the crystal structure of Ci$
\ a preserved>>°° during storage in formic acid for 14 days. In

physisorption
chemisorption

0.5

Energy (eV)

0.0

-05 |

"A A/’ ‘ addition, a similar protectioneet was obtained for gKept
x‘“vz-&'x-v[ .,/‘ ! in acetic acidRigure S1B while Crk undergoes an obvious
., \ Y degradation in other commonly used organic solvents within

the same time framd-igure S1P It is noted that Cgl

Figure 4.DFT calculations of oxygen adsorption with releage of | nanoakes stored in formic acid for 1.5 months present

(a) Energy prde for the reaction between physisorbean@ Cri, negllglble_changes, b_ut _the nakes stored in acetic acid
resulting in a chemisorbed oxygen dimer and with releasdooky ~ SNOW partial degradatidfiqure S20 _ _
with the respective structures for the physisorbed state (b) and TO reveal the microscopic picture of formic acid
chemisorbed state (c). S indicates the spin state of the structugéabilization, DFT calculations were uségufe S22 It is
relative to the original spin state of,Gnl units of the electron spin. concluded that formic acid molecules (HCOOH) tend to
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Figure 5.Stabilizing Cglin organic acid. (a) Percentage of the conversion@itGil for bulk Crl akes immersed in water withedent pH

values after the degradation reaction ceases (no degassing). The percentage of conversion decreases with the decrease of pH, indicating
acid inhibits the hydrolysis of £(b) Optical photographs of bulk £rakes stored in dérent organic solvents under an ambient environment.

FA: formic acid and ACE: acetone. SEM images of the samenGeke soaking in FA at the initial state (c) and after 14 days (d) and EDS
mapping of the Cr and | elements (e,f) of thiee after 14 days. Optical microscopy images of the samen€@ake soaking in FA under
ambient conditions at the initial state (g) and after 14 days (h). (i) Raman spectra gfnt@o@Ke in (g): & mode (up) and £y mode

(down). Note: The silicon reference signal was reduced by a factor of 10. Scalenbar: 10

Figure 6.(a d) The low-temperature (1.6 K) PL spectra under microscopic 532 nm excitation of an exfaliaterake| which was soaked
in formic acid, demonstrate a broad near-infrared emission band akin to the optical response of the hBN-endapstsafBideGrmission
observed below the Curie temperature is characterizeait®/ @rcular polarization degree. (e) Its evolution in a mageldtidisplays a
hysteresis indicative of the ferromagnetic order of the magnetic moments associated with the Cr atoms.

physically adsorb on prefect ;Qbut tend not to react limit of strong electrorphonon coupling. The intensity of
destructively with it and that COOH radicals can bind tothe PL signal resolved by circular polarization and monitored
iodine vacancies. In this case, the vacancies and basal planasra function of the magnetield reveals hysteresis. This
passivated and will not serve as binding sites for water aodservation sigrés a coupling between the angular
oxygen dissociation, and protons are generated with theomentum of the photoexcited carriers and the magnetic
formation of COOH radicals, which further slow the hydrolysimoments of Cr atoms. In the presence of such a coupling, the
reaction of Cgl population of the excitons is redistributed between spin-split
The preservation of the exfoliated Cakes within organic  excitonic levels, which are active in polarizations. Hence,
acids enables probing their electronic and magnetic propertmsnitoring the polarization degree of the PL grants insights
through the inspection of open and unprotedted. In this into the evolution of magnetization state of;. Cfhe
regard, we have investigated the magneto-photoluminescedominant contribution to the hysteresis centered around 0 T
(PL) response of Gylayers deposited on Si/Si€ubstrates  is indicative of the emergent global ferromagnetism for few-
comparatively with those that are protected through hBNayer Crj, while the multiple steps observed franT to 1 T
encapsulation. As demonstrateflignire ¢the PL observed can be attributed to partialpping of antiferromagnetically
in the Crk nano ake treated with organic acids is characterizedoupled adjacent layers in combination with the domain-
by an emission band in the near-infrared spectral region. Sugpendent hysteresis response observable in few-layer and bulk
an optical response is characteristic of Frenkel excitons at tfgomium trihalide crystafs®® Further examples of hyste-
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