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S
ince the seminal work of Miyasaka
et al.,1 photovoltaic devices based on
organometal halide perovskites of the

family CH3NH3PbX3 (X = I�, Br�, Cl�) have
experienced incredibly rapid improvements
in performance, with power conversion ef-
ficiencies (PCEs) rising from 3.8% to 19.3%
in just five years.2�11 These perovskite-
structured semiconductors have benefitted
from physical properties ideally suited to
photovoltaics, including direct band gaps,
long charge carrier diffusion lengths and
low carrier effectivemasses, high absorption
coefficients, defect tolerance, and compat-
ibility with low-cost, solution-based fabrica-
tion processes.12�15 This has allowed these
compounds to be integrated into a variety of
device architectures, including both meso-
scopic devices3,5,8�10,16 and planar hetero-
junctions.17�19

Despite accommodating awide variety of
cell designs and producing excellent PCEs,
perovskite solar cells must first overcome
a number of technical issues before wide-
spread commercialization is possible. These

include scale-up of the cell area, the toxicity
of lead, and a lack of long-term device
stability.20 Efforts to address these shortcom-
ings have begun to show promise, with ca.
1 cm2 perovskite devices producing efficien-
cies ashighas8.3%21 and lead-freeperovskite
solar cells having now been reported.22,23

Despite this progress, the instability of the
CH3NH3PbI3 semiconductor remains a major
obstacle to commercialization.10,24�26 In the
presence of moisture, the dark brown
CH3NH3PbI3 perovskite undergoes rapid de-
composition to PbI2, resulting in a significant
decline in device performance.24,26 For unen-
capsulated perovskite solar cells, Zhou et al.10

reported an 80% drop in PCE over a 24 h
period when the cells were left stored under
ambient conditions and a 95% drop in PCE
after 6 days. While this loss in performance is
highly problematic, even more concerning
is that the decomposition product (PbI2) is
sparingly soluble inwater (1.6mMat 25 �C);27

this would present an enormous ecotoxico-
logical problem if a module were to become
damaged in the field.
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ABSTRACT Perovskite solar cells have rapidly advanced to the

forefront of solution-processable photovoltaic devices, but the

CH3NH3PbI3 semiconductor decomposes rapidly in moist air, limiting

their commercial utility. In this work, we report a quantitative and

systematic investigation of perovskite degradation processes. By

carefully controlling the relative humidity of an environmental

chamber and using in situ absorption spectroscopy and in situ

grazing incidence X-ray diffraction to monitor phase changes in

perovskite degradation process, we demonstrate the formation of a

hydrated intermediate containing isolated PbI6
4� octahedra as the

first step of the degradation mechanism. We also show that the identity of the hole transport layer can have a dramatic impact on the stability of the

underlying perovskite film, suggesting a route toward perovskite solar cells with long device lifetimes and a resistance to humidity.
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Given these issues, substantial effort has gone into
improving the long-term stability of perovskite solar
cells.25,28�35 Protective Al2O3 layers

28 and hydrophobic
oligothiophene hole transport layers (HTLs)29 have
both been employed as a means of protecting the
underlying perovskite film, while alternative perovskite
compositions30,31 have also been explored as a way of
improving the stability of the perovskite itself. How-
ever, some of the most promising results have come
from the use of carbon-based electrodes.25,32�35 Wei
et al.34 used inkjet printing to produce CH3NH3PbI3/C
bilayer devices, which retained ca. 90% of their initial
PCE after storage in 30% relative humidity (RH) for
12 days. Similarly, Zhang et al.33 and Zhou et al.35

replaced the typical Ag or Au back-contact with carbon
paste deposited by doctor-blading. The unencapsu-
lated devices were stable for up to 2000 h in air, with
the thick carbon paste protecting the pervoskite from
ambient humidity. Most dramatically, through the use
of functionalized carbon nanotubes embedded in an
insulating polymer matrix, Habisreutinger et al.25 were
able to protect perovskite devices from a steady stream
of running water for a short time.
Although some improvements have been made in

the stability of perovskite solar cells, there is actually
very little known about either the degradation rate
or decomposition mechanism of the CH3NH3PbI3 pe-
rovskite upon exposure to moisture. Studies on perov-
skite stability have typically been carried out under
“ambient” conditions; however, without tight environ-
mental controls, the relative humidity will vary widely
as the result of both short-term and seasonal weather
variations. This makes it exceptionally difficult to draw
meaningful comparisons between experiments carried
out in different laboratories, limiting the ability to gain
meaningful mechanistic insight into decomposition
processes. In this work, we report a quantitative and
systematic investigation of perovskite degradation
processes. By carefully controlling the RH of an envi-
ronmental chamber and using in situ absorption spec-
troscopy and in situ grazing incidence X-ray diffrac-
tion (GIXRD) to monitor changes in the perovskite
crystallinity and electronic structure, we are able to
gain important insights into the inherent moisture
stability of CH3NH3PbI3, as well as the role of various
device components in protecting the perovskite from
hydrolysis.

RESULTS AND DISCUSSION

In order to reproduciblymeasure the decomposition
rate of perovskite films as a function of RH, we built
an experimental setup to produce a constant flow of
gas with the desired RH, as shown in Figure 1. The RH is
controlled by adjusting the relative flow rates of satu-
rated water vapor and diluent carrier gas (Figure 1a),
and a RH sensor placed downstream of the custom-
built sample holder (Figure 1b) allows continual

monitoring of the actual humidity in the sample cell.
This arrangement enabled the acquisition of in situ

UV�vis absorbance measurements during the decom-
position process. Absorbance measurements made on
perovskite films ex situ (Figure S1) show the expected
spectral features of CH3NH3PbI3: namely, an intense
high-energy absorption band below 500 nm and
an optical band gap of ca. 760 nm. After long-term
exposure to ambient air, the absorption onset at
760 nm is no longer visible, and the remaining spectral
features closely resemble those of PbI2. This transfor-
mation is more apparent in the in situ absorbance data
obtained at 98( 2% relative humidity (Figure 1c). The
high-energy absorption features below 500 nm show
an immediate and rapid bleach upon exposure to
moisture, while the band gap at 760 nm is also steadily
eroded. There is also a concomitant increase in the
background absorbance (λ > 800 nm) due to increased
levels of Mie scattering36 within the film, indicating the
formation of large crystallites as part of the decom-
position process. In order to better quantify the rate of
decomposition, the absorbance at 410 nm (where the
largest changes in optical density are observed) was
plotted against time, and the results were compared
with normalized data acquired at 80%, 50%, and 20%
RH (Figure 1d). The expected trend of faster decom-
position at higher humidities was observed; defining
τ1/2 as the point at which the normalized absorbance
was halfway between its initial (1.00) and final (∼0.33)
values, τ1/2 ≈ 4 h for the highest RH (98%), whereas
τ1/2 ≈ 34 h at 80% RH. At lower RH, the decomposition
process was quite slow; extrapolation of a linear fit of the
50% and 20% RH data from Figure 1d suggests that
τ1/2 ≈ 1000 and 10000 h, respectively (Figure S2). This
is highly encouraging from the perspective of device
stability; since the perovskite absorber appears able to
tolerate small quantities of moisture (<20% RH), it sug-
gests that lower quality (and therefore less expensive)
encapsulation strategies may be enough to stabilize
perovskite solar cells and prevent device degradation.
The effect of carrier gas on the stability of the

perovskite film was also investigated. Perovskite films
were exposed to a 98% RH gas flow, using both air
and nitrogen as the carrier gas (Figure S3). There was
no appreciable change in the degradation rate, with
τ1/2 ≈ 2�4 h in both cases. The results were also quite
reproducible, with relatively little variation in τ1/2 from
sample to sample. Additionally, perovskite films sealed
in the holder under a constant flow of dry air (0% RH)
showed no change in the absorption spectrum
(Figure S4) over the course of 2 weeks, indicating that
oxygen has little to no effect on the degradation of the
perovskite and that it is the moisture in the ambient
environment that is the primary cause of perovskite
degradation.
Given that moisture was identified as the main

culprit in perovskite decomposition, we wanted to
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determine whether various device components could
serve a dual role, both as an important part of the
actual device operation but also as a way of protecting
the perovskite from moisture. In traditional perovskite
solar cell designs, the hole transport layer covers
the perovskite film, acting as a barrier between it and
the ambient environment. As such, we chose to investi-
gate three commonly used HTLs;2,20,7,70-tetrakis(N,N-
di-4-methoxyphenylamino)-9,90-spirobifluorene (Spiro-
OMeTAD), poly[bis(4-phenyl)(2,4,6-trimethylphenyl)-
amine] (PTAA), and poly(3-hexylthiophene) (P3HT);
in order to determine how the identity of the HTL
affects the rate of perovskite degradation. Since these
HTLs are often p-doped in order to increase the carrier
density and reduce the device series resistance,25,37�42

we investigated each of the HTLs both with and
without a lithium bis(trifluoromethanesulfonyl)imide
(Li-TFSI) dopant.8 The CH3NH3PbI3/HTL bilayers were
then exposed to a 98% RH atmosphere, and absorbance
spectra were acquired every 15 min (Figure S5). The
normalized absorbance at 410nm is plotted as a function
of time (Figure 2) and comparedwith the decomposition
rate of an uncoated perovskite film. The measurements
were done in duplicate (Figure S5d ande) in order to pro-
vide evidence of the reproducibility of the degradation

process. On the basis of the data, the identity of the
HTL (with Li-TFSI dopant) clearly affects its ability to
protect the underlying perovskite film: τ1/2 ≈ 1, 7, and
25 h for Spiro-OMeTAD, PTAA, and P3HT, respectively
(compared with τ1/2≈ 4 h for the uncoated perovskite).
Spiro-OMeTAD appears to accelerate the perovskite
decomposition process, whereas both PTAA and P3HT
appear to act as barriers to moisture ingress, with the
P3HT providing a 6-fold improvement in the rate of
decomposition. The shape of the decay profile was
also different in each case. The uncoated perovskite
film appeared to undergo a smooth transformation
into reaction byproducts, whereas in the case of both
the Spiro-OMeTAD- and PTAA-coated films, there was
a sharpdiscontinuity in theabsorbancedata, afterwhich
the rate of decomposition increased dramatically. In
contrast, the P3HT-coated film was stable for well over
half a day before showing any sign of decomposition;
however, after the ca. 15 h induction period, the perov-
skite film again appeared to decompose smoothly into
reaction byproducts.
For analogous films prepared without the use of

the Li-TFSI dopant, these differences are surprisingly
less pronounced, with τ1/2 ≈ 4, 6, and 6 h for Spiro-
OMeTAD, PTAA, and P3HT, respectively (Figure 2b).

Figure 1. (a) Schematic of the RH control apparatus. (b) Sample holder for in situ UV�vis spectroscopy. (c) UV�vis spectra,
acquired at 15min intervals, of a CH3NH3PbI3 film exposed to flowingN2 gaswith RH= 98( 2%. (d) Normalized absorbance at
410 nm as a function of time for perovskite films exposed to various relative humidities. Data at 50% and 20% RH were
acquired once per 24 h. The temperature was measured to be 22.9 ( 0.5 �C for all measurements.
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From these data, it would appear that the doped P3HT
layer actually slows the permeation of water through
the polymer film. This data can best be understood in
terms of a model that consists of a semipermeable
P3HT film; in this scenario, water vapor is able to slowly
percolate through the polymer, eventually reaching
the perovskite and leading to decomposition. The
more hydrophilic the HTL film, the more water vapor
is trapped in the barrier polymer and the slower it
migrates through the film. In the absence of the Li-TFSI
salt, the P3HT is unable to adsorb much moisture and
instead allows the water vapor to bleed through into
the underlying perovskite film.
In order to better explain the differences between

the various HTLs, the surfaces of the degraded
CH3NH3PbI3/HTL films were imaged by scanning elec-
tron microscopy (Figure 3). After decomposition, the
uncovered perovskite film appeared to have formed

large, hexagonal plates (consistent with previously
reported morphologies for PbI2 crystals43�45) along-
side dendritic, fibril-like structures (Figure 3a). The
dendritic crystals are sufficiently large to be viewed
with the naked eye (Figure S6), and on the basis of their
dark brown color, they appear to be consistent with
an evolution of the CH3NH3PbI3 morphology. In the
case of the Spiro-OMeTAD-coated films, very little of
the underlying perovskite film can be seen; however,
hexagonal PbI2 crystals can still be observed. Most
importantly, the Spiro-OMeTAD layer appears to have
broken apart into individual pieces through substantial
crack formation at the surface (Figure 3b). Similarly, for
the PTAA-coated films, a number of large (0.1�10 μm)
pinholes developed in the PTAAbarrier layer (Figure 4c);
theedgesof someof theseholes appear tohave eroded
into large gaps in the film, again exposing the large PbI2
crystals underneath. Given the large volume changes

Figure 2. Normalized absorbance at 410 nm as a function of time for CH3NH3PbI3 (open circles) and CH3NH3PbI3/HTL films,
both with (a) and without (b) Li-TFSI dopants: CH3NH3PbI3/Spiro-OMeTAD (open squares), CH3NH3PbI3/PTAA
(open diamonds), and CH3NH3PbI3/P3HT (open triangles) films exposed to a 98 ( 2% RH environment at 22.8 ( 0.5 �C.

Figure 3. SEM images of (a) uncoated CH3NH3PbI3, (b) CH3NH3PbI3/Spiro-OMeTAD, (c) CH3NH3PbI3/PTAA, and CH3NH3PbI3/
P3HT films after exposure to 98% RH for 24 h.
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associated with formation (and decomposition) of the
perovskite films46 and the resulting mechanical stress
placed on the HTL, the failure of the HTL is perhaps
unsurprising; the small molecule Spiro-OMeTAD lacks
the mechanical toughness of a polymer, leading to
substantial cracking of the film (Figure 4). Similarly,
the relatively low molecular weight PTAA (Mn ≈
7�10 kDa), while mechanically more robust than
Spiro-OMeTAD, rapidly crumbles as the underlying
perovskite support is removed. This mechanical frac-
ture of the HTL explains the discontinuities observed in
thedecomposition kinetics (Figure 2); as the HTL begins
to break down, the rate of perovskite decomposition
increases.
In contrast to both Spiro-OMeTAD and PTAA, P3HT

actually appeared to function as a viable barrier layer,
with a ca. 15 h induction period required to induce the
start of perovskite decomposition. The origins of the
improved performance of P3HT can be understood
based on the images in Figure 3d and are illustrated
in Figure 4b. P3HT forms dense, relatively crystalline
films due to interdigitation and lamellar packing of the
regioregular alkyl chains; however, due to the moder-
ate molecular weight (Mn ≈ 50�70 kDa), the films are
still relatively easy to deform. As a result, the P3HT
adheres conformally to the underlying perovskite layer
throughout all phases of the decomposition, even-
tually forming a thick film on top of the hexagonal
PbI2 plates and dendritic byproducts (Figure 3d).
Although the in situ absorbance measurements

provide a convenient spectroscopic handle by which
to track the film degradation kinetics, they provide
no structural information on changes in crystallinity or
phase that occur during the decomposition process.
As such, ex situ powder X-ray diffraction (pXRD) experi-
ments were carried out in order to identify both the

initial perovskite phase and the identity of any crystal-
line decomposition products (Figure S7). The diffrac-
tion pattern of the as-prepared CH3NH3PbI3 film is
consistent with the tetragonal perovskite phase,
crystallizing in the I4cm space group.13 In addition to
the reflections due to the tetragonal CH3NH3PbI3, the
powder diffraction pattern also revealed the pres-
ence of PbI2 that was unconverted to the perovskite
during the CH3NH3I intercalation step, as evidenced
by the (001) and (101) reflections at 14.5� and 29.6�,
respectively.47 A small amount of residual PbI2 is often
observed in perovskite thin films prepared using the
two-step deposition process.8,48,49

The ex situ pXRD results are entirely consistent with
the UV�vis and SEM data, which show the decomposi-
tion of CH3NH3PbI3 into PbI2. However, in order to
complement the in situ absorbance measurements
and to better elucidate the reaction mechanism for
the decomposition process, we carried out in situ

GIXRD measurements on a perovskite film subjected
to ca. 80% RH (Figure S8). The combination of a fast 2D
area detector with a high brightness synchrotron X-ray
source allows the acquisition of 2D diffraction data in
real time, providing important insight into the decom-
position process. Snapshots of the in situGIXRD experi-
ments at various time points are shown in Figure 5,
with the whole 5.5 h of data combined into Movie S1
(shown at 412� normal speed). All of the GIXRD
patterns exhibited a relatively strong scattering back-
ground from the amorphous glass substrate in the
range of q = 10�23 nm�1, where q is the scattering
vector (q= 4π sin(θ)/λ). The contribution from the glass
substrate is likely the result of the shallow angle
of incidence (θ ≈ 0.2�) and a large beam size in the
vertical dimension. After calibration, key features of
the perovskite diffraction pattern could be observed

Figure 4. Cartoon depiction of the structural and morphological differences between (a) Spiro-OMeTAD and (b) P3HT HTLs
upon exposure to water vapor.
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at q ≈ 10, 20, 23, 29, and 31 nm�1, consistent with
reflection from the (110), (220), (310), (224), and (314)
lattice planes, respectively. Additional features (q ≈ 9
and 28 nm�1) could be assigned to reflections from the
(001) and (210) planes of PbI2,

18,50,51 consistent with
the data obtained from benchtop pXRD experiments
(Figure S7). As the film was exposed to moisture,
additional diffraction spots began to appear at ca.
q≈ 5 and 7 nm�1, eventually forming amore complete
ring pattern as the decomposition process continued.
The azimuthally integrated intensity of the in situ

GIXRD data is plotted as a function of both scattering
vector and time in Figure 5e. The new features in the
diffraction pattern at 5 and 7 nm�1 appear after ca.
2.5 h and cannot be assigned to either CH3NH3PbI3,
PbI2, or CH3NH3I. This suggests that a new crystalline
phase forms as an intermediate during the reaction of the
perovskite film with water vapor. Although we cannot
conclusively identify the origin of these small-angle
diffraction features, previous work has structurally char-
acterized the hydrated compound (CH3NH3)4PbI6 3 2H2O,
whichwas isolated fromanaqueous solutionof CH3NH3I
and PbI2.

52 This yellow crystalline hydrate consists of
isolated PbI6

4� octahedra and is predicted to show
a diffraction peak at q ≈ 8 nm�1. While this does not
entirely agree with the data shown in Figure 5e, it
does suggest the possibility of a hydrated phase with
isolated PbI6

4� octahedra;either (CH3NH3)4PbI6 3 2H2O
or a related compound;acting as an intermediate in
the decomposition pathway of CH3NH3PbI3.
Further evidence for this intermediate hydrate

phase was obtained from experiments conducted on
a bulk sample of CH3NH3PbI3 powder. The sample of
bulk CH3NH3PbI3 was first prepared by dissolving
CH3NH3I and PbI2 in DMF in a 1:1 mol ratio, followed
by evaporation of the solvent, drying at 120 �C for 1 h in
an oven, and grinding the resultant solid into powder.
The sample was determined to be phase pure by
powder X-ray diffraction (Figure 6). A small amount
of water (60 μL) was then added to the perovskite

sample (200 mg) and homogenized by grinding in a
mortar and pestle. The powder X-ray diffraction pat-
tern of the resulting pale yellow powder showed that
there was no PbI2 present; rather, the sample appeared
to consist of a mixture of (CH3NH3)4PbI6 3 2H2O and a
small amount of residual CH3NH3PbI3. Assuming that
the adsorption of liquid water by the bulk perovskite
powder is likely to produce a very similar product to the
adsorption of water vapor by a perovskite thin film; this
indicates that the low-angle features observed in the
GIXRD data are likely to be either (CH3NH3)4PbI6 3 2H2O
or a very closely related hydrate. The hydrated phase
was unstable in roomair andwas found to revert back to
the perovskite over a period of several tens of minutes.
This intermediate hydrated phase is in contrast to

previous work by Niu et al.,28 who suggested that the

Figure 5. 2D GIXRD patterns of perovskite films on glass, after (a) 0 h, (b) 2 h, (c) 4 h, and (d) 5.5 h exposure to an 80% RH
environment. (e) 2D contour plot showing the azimuthally integrated diffraction intensity as a function of both scattering
vector (q) and time.

Figure 6. Powder X-ray diffraction patterns for a sample of
CH3NH3PbI3 powder, before (blue line) and after (green line)
the addition of a small amount of liquid water. The calcu-
lated powder patterns for tetragonal CH3NH3PbI3 (dark red
line), (CH3NH3)4PbI6 3 2H2O (black line), and PbI2 (yellow line)
are shown for comparison. Datawere acquired (or simulated)
using a copper X-ray source (λ = 1.54 Å).
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first step of the perovskite decomposition pathway is
the deprotonation of the methylammonium cation by
water, forming methylamine, hydrated HI, and PbI2.
If this hypothesis is correct, one would expect that the
volatile CH3NH2 would be rapidly flushed from the
headspace of our in situ sample holder, meaning
the process would be unlikely to be reversible. Given
the apparent reversibility in the bulk powder, it was
expected that thin films would also display similar
reversible conversion to the hydrate phase. A fresh
perovskite film was therefore mounted in our in situ

absorbance spectroscopy sample chamber and ex-
posed to a flow of 98 ( 2% RH gas for a period of
24 h, and the headspace was subsequently flushed
with dry nitrogen gas (0% RH). The absorbance spectra
are shown in Figure S9. The initial decomposition
proceeds as expected, and after 24 h, there is no
evidence of any residual CH3NH3PbI3 (as measured
by the lack of an optical band gap at 760 nm) and
the film is bright yellow (Figure S9). However, after
flushing with dry nitrogen, the film rapidly dehy-
drates, regenerating some of the dark brown color of
CH3NH3PbI3. This is accompanied by a partial regen-
eration of the absorption edge at 760 nm (although the
high-energy absorption bands typically associated
with the CH3NH3PbI3 band structure do not reappear).
The total dehydration process appears to take less than
1 min. This strongly suggests that the initial step of the
perovskite decomposition process is not an acid�base
reaction of the methylammonium cation, but rather
hydration of the perovskite film (as illustrated in eq 1

with (CH3NH3)4PbI6 3 2H2O, although other hydrate
compositions may be possible):

4CH3NH3PbI3 þ 2H2Oh(CH3NH3)4PbI6 3 2H2Oþ 3PbI2
(1)

Since eq 1 does not produce any volatile byproducts,
it would be expected to be at least partially reversible;
however, given the propensity of PbI2 to crystallize
and phase separate (Figure 3), the process is unlikely
to be fully reversible (which is consistent with the data
in Figure S9). Further decomposition of CH3NH3I to
CH3NH2 and HI would ultimately leave PbI2 as the only
byproduct of the reaction, in keeping with the ex situ

pXRD data (Figure S7).

CONCLUSION

Through the application of both in situ absorbance
spectroscopy and in situGIXRDmeasurements,wehave
been able to quantitatively and reproducibly eval-
uate the stability of CH3NH3PbI3 films. We show that the
identity of the hole transport layer can have a dramatic
impact on the stability of the underlying perovskite
film, suggesting a route toward perovskite solar cells
with long device lifetimes and a resistance to humidity.
The in situGIXRDmeasurements suggest the formation
of a hydrated intermediate containing isolated PbI6

4�

octahedra as the first step in the decomposition
process. These results help elucidate fundamental
decomposition pathways in organolead halide perov-
skite films, which is expected to in turn lead to more
stablematerials andmore commercially viable devices.

METHODS
Film Formation. All films were fabricated on precleaned

glass substrates. PbI2 films were deposited by spin coating a
460 mg 3mL�1 solution of PbI2 in N,N-dimethylformamide at
3000 rpm for 15 s. Perovskite films were obtained by dipping
the as-cast PbI2 films into a 10 mg 3mL�1 solution of CH3NH3I
in 2-propanol for 2 min. P3HT was deposited by spin coating
from chlorobenzene solution (20 mg of P3HT, 3.4 μL of 4-tert-
butylpyridine, and 6.8 μL of Li-TFSI solution (28 mg Li-TFSI/1 mL
acetonitrile) all dissolved in 1mL of chlorobenzene) at 1000 rpm
at 25 s. Spiro-OMeTAD was deposited by spin coating from
chlorobenzene solution (80 mg of Spiro-OMeTAD, 28.5 μL of
4-tert-butylpyridine, and 17.5 μL of Li-TFSI solution (520 mg
Li-TFSI/1mL acetonitrile) all dissolved in 1mLof chlorobenzene)
at 2000 rpm for 25 s. PTAA was deposited by spin coating
from chlorobenzene solution (20 mg of PTAA, 7.5 μL of 4-tert-
butylpyridine, and 15 μL of Li-TFSI solution (170mg Li-TFSI/1mL
acetonitrile) all dissolved in 1mL of chlorobenzene) at 2000 rpm
for 25 s. All films were stored in a N2-atmosphere glovebox
(<0.1 ppm of O2 and H2O) prior to measurements.

Characterization. Scanning electron microscopy was carried
out on a Hitachi SU8010 instrument operating at a 0.1�1.0 kV
landing voltage. Powder X-ray diffraction was performed on
a PANalytical Empyrean diffractometer configured with either
a copper (Figure 6, λ = 1.54 Å) or cobalt (Figure S7, λ = 1.79 Å)
X-ray source. UV�vis absorbance spectra were acquired on a
Cary 6000i spectrophotometer. The films were measured in
a custom-built sample holder, and the RHwasmeasured using a
humidity sensor (RH-USB, Omega).

GIXRD Measurements. GIXRD measurements were conducted
at the Hard X-ray MicroAnalysis (HXMA) beamline of the
Canadian Light Source (CLS). An energy of 17.998 keV (λ =
0.6888 Å) was selected using a Si(111) monochromator. GIXRD
patterns were collected on a SX165 CCD camera (Rayonix)
placed at a distance of 141 mm from the sample using a 30 s
acquisition time. A lead beamstop was used to block the direct
beam. For in situ experiments, the films were placed in a sample
chamber sealed with a Kapton window, and GIXRD patterns
were collected every 30 s. CCD imageswere processed using the
Datasqueeze 3.0 software package.
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