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Significant Radiation Tolerance and Moderate Reduction
in Thermal Transport of a Tungsten Nanofilm by Inserting

Monolayer Graphene

Shuyao Si, Wenqing Li, Xiaolong Zhao, Meng Han, Yanan Yue, Wei Wu, Shishang Guo,
Xingang Zhang, Zhigao Dai, Xinwei Wang,* Xiangheng Xiao,* and Changzhong Jiang

Energy source is an important material basis for the survival
and development of all humans. In order to meet today’s ever-
increasing demand for energy, various energy technologies
have been developed among which nuclear energy is the most
effective option that has enormously attracted researchers’
attention.[! Nowadays, a concept known as “nuclear prosperity”
is becoming the talk of the public. To design an environmen-
tally friendly and advanced nuclear power system has been a
matter of great urgency.’l However, in a variety of harsh envi-
ronments of nuclear reactors which contain neutron radia-
tion, the large quantity and high energy helium ions induced
by transmutation can swiftly combine with vacancies to form
He bubbles.’] The appearance of He bubbles strengthens
embrittlement and swelling, which can even bring about com-
plete failure of materials, especially structural materials and
closer plasma-facing materials.! Meanwhile, if heat cannot
be removed promptly from the core during nuclear reac-
tion, the fuel cladding will lead to disastrous and irreparable
consequences.”! For example, on March 11, 2011, the reactor
decay heat failed to be transported (Loss-of-Coolant Accident)
in time during a tsunami, which was directly responsible for
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the catastrophic Fukushima Nuclear Accident.’! Therefore, it is
necessary to search for a suitable material with both excellent
radiation tolerance and wonderful thermal properties in order
to address the technological challenges.”) Indeed, the safety of
fission and fusion substantially depends on the performance of
such a material.®?! For all researchers in this field, it is urgent
to enhance, by regulating the behaviors of radiation damage in
structural materials, the radiation tolerance (including thermal
properties) for the purpose of extending the service life of
nuclear reactors.

Concerning radiation tolerance, it is widely accepted that a
variety of interfaces in composite materials can provide sinks
for defects from radiation, and thus enhance the radiation tol-
erance.1%1] Therefore, a great number of composite materials
designed to contain period multilayer interfaces have been
studied in detail over the last several decades.!">!3] For instance,
in metallic multilayer system, W/Cu,*15] Cu/Nb,'617] and
Cu/V,1811 a5 well as coherent or incoherent Cu/Fel?% inter-
faces have been studied clearly and thoroughly. And more
recently, Kim et al.?!l analyzed, with the help of an in situ SEM
nanopillar compression testing, the capabilities of V-graphene
nanolayered composites in terms of reduction in radiation-
induced hardening and suppression of brittle failure.

However, owing to the thermal boundary resistance,?? the
cladding designed for bi-metal multilayer systems could more
seriously decrease thermal conductivity than pure constituents
do. Up to now, little importance has been attached to how to
improve heat conduction of multilayer composites. It is crit-
ical, however, for the cladding to act simultaneously as a con-
ductor that can efficiently transfer nuclear heat from fuel to the
coolant.®l Furthermore, as an advanced material with attrac-
tive thermal properties which have been scrutinized in various
fields,2>-?%] graphene (G) has barely been applied in radiation
tolerance. In fact, because of its impermeability to all standard
gases (including He gas),?! graphene is regarded as an effec-
tive material in retarding the radiation damage.?!! In addi-
tion, high-quality graphene has been produced on an indus-
trial scale.?”28] Equally important, tungsten (W), a metal with
relatively high melting points, high thermal conductivity and
excellent radiation tolerance, has been widely researched.!'*?’]
Tungsten matrix materials are the most promising candidate
for plasma facing materials like first-wall materials in future
fusion reactors, which have seen significant progress in recent
researches.[?321 All of these factors have contributed to the
motivation for this work.
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Figure 1. Schematic of tungsten—graphene multilayer system fabrication and process of He* ion irradiation. The TEM is W/G nanofilm with 15 nm

period-thickness irradiated by 50 keV He" ions to a fluence of 1 x 10'7 ions cm™2.

In the present paper, we use a stacking method to fabri-
cate W-G multilayer composites (W/G) and W-W multilayer
composites (W/W), as well as pure W control. The property of
thermal resistance induced by graphene layers sandwiched in
tungsten films is investigated by using a photothermal (PT)
technique.}33%] Then, based on the stopping and range of ions
in matter (SRIM) computer program used to calculate displace-
ment per atom (DPA) and He concentration,**3”] helium-
ion-beam irradiation is performed to simulate neutron
irradiation. Transmission electron microscopy (TEM) is used to
characterize the radiation damage (including that of interfaces
and He bubbles). The interface thermal resistance between
monolayer graphene and tungsten nanofilms is not greater than
1.8 x 108 K m? W1, which proves that our W-graphene multi-
layer composites can efficiently transfer nuclear heat and effec-
tively alleviate radiation damage as expected.

Figure 1 schematically illustrates the fab-

rication and He-ion-implantation process. (a)
Monolayer graphene was transferred onto
the W film sputtered on Si/SiO, substrate.
Optical imaging and Raman spectroscopy
reveal that the transferred graphene is
intact and high-quality monolayer graphene
(Figure S2, Supporting Information). Then,
the next same-thickness W nanofilm layer
was deposited on top of the graphene. By
repeating the above process, the W/G multi-
layer films could be obtained (Figure 1).

To adequately characterize the thermal
transport across thin films to obtain thermal
resistance induced by graphene inclusions,
we have, respectively, prepared 3L(W/G),
S5L(W/G), and 7L(W/G) nanofilms (where
numerals represent numbers of cycles of G
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transferring and W sputtering) and corresponding control sam-
ples without graphene. Also, each multilayer nanofilm sample
has three tungsten period-thicknesses of 15, 30, and 40 nm; a
group of single-layer pure tungsten nanofilms were prepared,
which were similar to corresponding multilayer nanofilms in
total thicknesses (all samples prepared are given in Table S1,
Supporting Information). Figure S3 (Supporting Information)
shows SEM images of 3L(W,0/G), 5L(W4o/G), 7L(W4/G), and
corresponding single-layer pure tungsten films (subscripts
represent period-thicknesses). In this characterization, a PT
technique is used to characterize thermal transport across thin
films.

Figure 2a schematically shows the arrangement and opera-
tion for measuring thermal properties. Typically, a square-
wave-modulated laser beam is used to heat the material, which

Function (b) Laser beam I

enerator
e N

—IN-1
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Figure 2. a) Schematic of the experimental setup for characterizing the thermal resistance.
b) Schematic of an N-layer sample, which shows a multilayer 1D heat transfer model.
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induces thermal radiation from the sample’s surface and it is
related to the modulated laser frequency and thermal proper-
ties of the film. After the thermal radiation signals within a
large range of modulated laser frequency are obtained, thermal
transport properties of the sample can be determined. There is
a Ge window placed in front of the infrared detector with the
purpose of filtering out the reflected laser beam and allowing
only the thermal radiation to pass. In this experiment, the laser
frequency ranges from 600 to 20000 Hz, within which the
thermal diffusion length in the sample is much smaller than
the spot size. In this case, the experiment can be simplified as
a 1D cross-plane heat-transfer model. Figure 2b shows a cross-
sectional view of this model. For the thermal diffusion in layer i
the 1D governing equation can be expressed as:

az Qi 1 39, ﬁ,[ X Bi(x—li) jot
W:gﬁa—z—k:’exp(Z—ﬂmLmjxe (1+e™) (1)

m=i+1

In this model, physical properties of layer i such as thickness
Ly =1; = Iy, thermal conductivity k;, specific heat c;;, thermal
diffusivity oy, and optical absorption coefficient 3; are needed.
Other parameters in this model are the modulated laser fre-
quency f, the thermal diffusion coefficient a;, and the thermal
contact resistance R;;,; between layer i and i+1. Details of the
solution to this model can be seen in the report by Hu et al.3®!

Here in this experiment, the unknown parameters are
thermal conductivity (k) of W nanofilm and thermal contact
resistance (Ry;c) induced by graphene. With other parameters
fixed, trial value of k and Ry is used to calculate the theoretical
phase shift at every modulated laser frequency. Thermal char-
acterization results are obtained from the fitting of theoretical
phase shifts. From the fitting process of the single-layer tung-
sten and multilayer tungsten samples, the thermal conductivity
of the tungsten film is determined at 2.05 W m~! K~1. Thermal
resistance induced by the graphene layers of each sample is cal-
culated, and detailed results are summarized in Table 1.

It is seen from Table 1 that the graphene-induced thermal
resistance varies from sample to sample. This is due to the
sample preparation as the graphene layers are transferred to the
tungsten films manually. However, it should be noticed that,
thermal resistance induced by the graphene layer is no greater

Table 1. Thermal resistance induced by graphene layers.

Sample? 2Ryc
[X10° K m2 W]
3L(Wss5/G) -3.30
SL(W,s/G) 8.50
7L(Wss/G) 5.13
3L(W30/G) -0.90
SL(W30/G) 14.78
7L(W30/G) 16.59
3L(W,0/G) 9.87
SL(W.0/G) 17.92
7L(W.0/G) 10.29

@Regular 3, 5, and 7 in each sample represent numbers of cycles of G transferring
and W sputtering. The subscripts represent period-thicknesses: 15, 30, and 40 nm.
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than 1.8 X 10® K m? W~ (maximum at 1.792 x 10® K m? W-!
for sample 5L(W,/G)). This value is comparable with the gra-
phene/SiO, interface resistance (ranging from 5.6 x 10~ to
1.2 x 10® K m? W' as reported by Chen et al.’% while much
smaller than that of the epitaxial graphene and SiC interface
(5.3 x 10 K m? W as reported by Yue et al.*%). The corre-
sponding thermal conductance is 55 MW m~2 K1, which is also
comparable with that of the graphene/SiO, interface (ranging
from 20 to 110 MW m~2 K as reported by Mak et al.*!)) and that
of the Au/Ti/graphene/SiO, interface (about 25 MW m™ K as
reported by Koh et al.*2)). Tt is also noticed that there are some
negative interface thermal resistance values, such as 3L(W;5/G)
and 3L(W30/G). There could be two reasons: first, the interface
resistance between graphene and tungsten for these two sam-
ples is too small that little variation in the sample thickness
measurement of tungsten thin film could result in this nega-
tive value. Another reason could be the direct thermal transport
between adjacent tungsten thin films overcomes the resistance
induced by multilayer interfaces for these two samples. This
phenomenon was previous observed by Zhang et al.l’] In their
measurement, they embedded graphene between Al film and
Si substrate and found that this configuration might improve
interfacial thermal transport, showing an apparently negative
thermal contact resistance of graphene interface materials.
The reason could be that graphene prevents the diffusion of Al
atoms into the substrate and reduces the thickness of the inter-
mixing layer.[*]

Previous work on characterizing thermal transport
phenomena in the W)/graphene/Cu structure reported
a lower thermal conductance (larger thermal resistance
~4-5 MW m™ K by Jagannadham).*) This is due to the
thicker graphene layers and the heating-induced reaction at the
W/graphene interface. In his work, thicker graphene platelets
(up to 10-15 atomic layers) were sandwiched between tung-
sten and Cu, which induced significant thermal resistance as
graphene has very low thermal conductivity in C-direction,*!
while in the present work, graphene sandwiched in tungsten
sublayers is characterized as having just single-layer carbon
atoms. Besides, during his measurement process, the sample
was heated at 650 and 900 °C, which induced formation of
tungsten carbide (WC) at the W/graphene interface leading to
separation and formation of voids. This unmatched contact
and nanocrystalline WC film also cause significant reduction
of the thermal conductance. In contrast, the present experi-
ment is taken in the atmosphere and the laser heating is con-
trolled at very low energy to make sure no reaction or damage
occurs at the interfaces. It is also to worth mentioning in the
present work that thermal conductivity of the tungsten film
and thermal conductance induced by the graphene layers can
be determined simultaneously with high accuracy by applying
the PT technique to the pure W, multilayer W/W and multilayer
W/G nanofilms under the same condition.

To verify the radiation tolerance of W/G multilayer compos-
ites, He-ion implantation was applied to generate radiation
damage.*l The samples of 7L(W,/G)(n = 15, 30, 40), which cor-
respond to different period-thicknesses, are labeled as Ws/G,
W30/G, and W,,/G, respectively. As a control, the same period-
thickness multilayer composites without G are labeled W,5/W,
W3o/W, and W,o/W, respectively, and pure W films are deposited
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Figure 3. a) SRIM calculations that simulate the variation of He concen-
tration (left) or DPA (right) versus radiation depth in W;5/W subjected
to He-ion irradiation at 50 keV with a total influence of 5 x 10'® cm2,
the same as the experimental conditions. b—e) TEM images: as-depos-
ited W;5/G (b); irradiated Ws5/G (c); as-deposited W;s/W (d); irradiated

Wis/W (e). All regions of (c) and (e) chosen are from the rectangular
box in (a).

as well (see Experimental Section for details). The SRIM com-
puter program is used to calculate DPA and He concentration
versus radiation depth, which is same as that in the experimental
settings. Figure 3a shows the SRIM calculations, which simu-
late the variation of He concentration (black, left) and DPA (red,
right) versus implantation depth in W,5/W irradiated by 50 keV
He" ions to a fluence of 5 X 10'® ions cm™2. SRIM simulation
indicates that He concentration is =3.5 at% (or 35 000 appm) at a
depth of =70 nm underneath the film surface and DPA is =6.4 at
a depth of =60 nm. It is worth noting that the locations of peak
He-ion concentration of W3o/G and W,/G are =120 nm and
~140 nm, respectively (Figure S4a,b, Supporting Information).
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TEM images of Figure 3b,d reveal the interface microstruc-
ture of as-deposited W;5/G and W,5/W multilayer compos-
ites (left), respectively. In contrast, the peak damage area of
Wis/G and Wy5/W irradiated by 50 keV He*-ion irradiation
at room temperature up to a fluence of 5 x 10'® jons cm™ is
shown on the right (Figure 3c,e). All areas of the TEM images
(Figure 3c,e) chosen are from the rectangular box in Figure 3a.
The peak DPA is =6.4 at a depth of =60 nm underneath the sur-
face. The interface of unirradiated W;5/G and W;5/W is clearly
distinguished. However, after irradiation, the Wy5/W multilay-
ered sample without graphene becomes unstable (Figure 3e).
The original interface showing as Figure 3d appears partially
mixed, and some areas even become indistinguishable. Surpris-
ingly, the interface of W;5/G subjected to He'-ion irradiation
is still stable (Figure 3c). What these TEM images suggest is
that the interface of W;5/G appeared discernible after irradia-
tion due to a monolayer graphene embedded between W layers.
Although monolayer graphene is just a single layer of carbon
atom, the W/G multilayer system can resist radiation damage to
some extent due to the role of the W/G interfaces acting as sinks
for defects, which is theoretically predicted by Huang et al. with
the MD method.*’! Just like traditional bimetallic multilayer
nanofilms, the design of metal-graphene multilayer nanofilms
is a new strategy for releasing defects and reducing radiation
damage.

To give a further demonstration of the radiation tolerance of
W/G multilayer system, several nanofilms with period-thick-
nesses of 15, 30, and 40 nm are irradiated at the same time.
Figure 4a—c, respectively, show as-deposited Wy5/G, W3y/G, and
W40/G multilayer nanofilms. Figure 4d—f, respectively, show
peak He concentration region of irradiated Wi5/G, W3(/G,
and W,,/G multilayered nanofilms by 50 keV He* ions up to
a fluence of 5 x 10'® jons cm™. Based on SRIM calculations,
the peak He-ion concentration for this experimental condition
in the W, (n = 15, 30, 40)/W structure reaches =3.5, =4.9, and
=~5.0 at% at depths of =60, =120, =140 nm (Figure S4a,b, Sup-
porting Information). The dashed lines in Figure 4, respectively,
represent the locations underneath the film surface. Obviously,
for all of the multilayer nanofilms, the interfaces of the peak
He-concentration region remain intact and distinguished after
irradiation of He* ions to a fluence of 5 x 10'® ions cm™ and
the interfaces are not mixed because of the presence of gra-
phene discussed above. The Figure 4d, as a whole, appears
to show flatter interfaces. However, the interfaces become
coarser in this area for W;,/G and W, /G multilayer nano-
films (Figure 4e,f). The results show that interface-unevenness
tends to increase with period-thickness. Moreover, no detect-
able bubbles are observed from W;5/G and W3y/G nanofilms,
as compared to W40/G multilayered nanofilms, which form a
handful of He bubbles (Figure 4d—{). Figure 4g—i is magnified
from the peak He concentration area of Figure 4d-f to explore
this phenomenon in detail. For the W/G multilayer nanofilm
with 15 nm period-thickness, no agglomerating He bubbles
are detected in Figure 4g, which shows the peak He concentra-
tion area. The density of He bubbles has a significant positive
correlation with the increment of period-thickness. Several He
bubbles are sporadically dotted around the W layers and W/G
interface. In particular, W layers are a series of columnar crystal,
which contains many grain boundaries (Figure S3, Supporting

Adv. Mater. 2017, 29, 1604623
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Figure 4. a—c) TEM images: as-deposited W;5/G (a); as-deposited W3o/G (b); and as-deposited W40/G (c). d—f) TEM images of peak He concentra-
tion region under 50 keV He" irradiation to a total influence of 5 x 10'® ions cm? W;5/G (d); W30/G (e); and Wyo/G (f). g—i) TEM images of peak He
concentration region at high magnification: W;5/G (g); W30/G (h); and W,/G (i). The dashed lines, respectively, represent the location underneath
the film surface. Corresponding SRIM calculation of multilayers with 15 nm period-thickness is shown in Figure 3a. Others are shown in Figures S4a,b

(Supporting Information).

Information), and He bubbles appear to align and distribute
along these W grain boundaries. In contrast, W grain bounda-
ries are not obviously observed in as-deposited W/G multilayer
nanofilms (Figure 4a—c). Surprisingly, a relatively large number
of He bubbles seem to preferentially accumulate in these
grain boundaries stored to form He nanochannels rather than
densely and disorderly accumulate He bubbles or even clusters
of He bubbles. Also, all of the He nanochannels extend from
the graphene interface along the direction of the irradiation.
In Figure 4g, the W;5/G nanofilm rarely has He nanochan-
nels. Occasionally, one obscure He nanochannel =7 nm length
is observed. The length of the He nanochannels in W3y/G and
W40/G nanofilms is about 11 nm or longer (Figure 4h,i) and
the width of He nanochannels tends to slightly increase with
period-thickness. The above analysis shows the performance of
W5/G appears to be more stable for radiation tolerance, and
nanofilms with smaller period-thickness have higher radiation
tolerance than those with larger period-thicknesses.

Then, continually increasing the He-ions fluence to
1 x 10Y ions cm™, we get the panoramic TEM image of the

Adv. Mater. 2017, 29, 1604623
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irradiated Wy5/G nanofilm as shown in Figure 1. TEM images
of W30/G and W,/G at this fluence are displayed in Figure S5
(Supporting Information). Meanwhile, an as-deposited pure W
nanofilm is shown in Figure 5b in comparison to that of the
irradiated pure W nanofilm (Figure 5c). Obviously, the W5/G
multilayer nanofilm has clear interfaces. No obviously agglom-
erating He bubbles are observed in each layer. Figure 5b faintly
shows a columnar crystal of as-deposited pure W. Unfortu-
nately, dense He bubbles are easily observed everywhere in irra-
diated pure W nanofilm, though grain boundaries also become
preferable places for He bubbles to align and distribute. Fur-
thermore, the average bubble size in the irradiated pure W
nanofilm is 0.7 £ 0.2 nm, whereas it is 0.3 £ 0.2 nm in W;5/G
nanofilm. Also, grain boundaries become preferable places for
He bubbles to align and distribute. To further examine radia-
tion tolerance of W;s/G nanofilm, magnified TEM images
of Figure 1 in different regions are, respectively, displayed in
Figure 5d—g for better observation of bubbles and interfaces.
Accordingly, the implantation depth dependent He concen-
tration and DPA profile from SRIM calculations are shown
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Figure 5. a) SRIM calculations that simulate the variation of He concentration (left) and DPA (right) versus radiation depth in multilayers with 15 nm
period-thickness subjected to He'-ions irradiation at 50 keV to a total influence of 1 x 10'7 ions cm™2, same as the experimental condition. b,c) TEM
images: as-deposited W nanofilm (b); pure-W nanofilm (c) irradiated by 50 keV He" ions to a total influence of 1 x 10" cm~2. The black dashed line in
(c) stands for the location underneath the film surface. (d)—(g) are TEM images of Figure 1 in different areas at high magnification, which correspond

the marked location in (a).

in Figure 5a. TEM images of irradiated pure W nanofilm and
W15/G in different regions at the fluence of 5 x 10 ions cm™2
are shown in Figure S6b—f (Supporting Information), and corre-
sponding SRIM simulation of Wy5/G is displayed in Figure S6a
(Supporting Information). Figure 5d which is close to the sur-
face shows that few He bubbles are formed. With the increase
of implantation depth, the He bubble density increases and the
W/G interfaces or grain boundaries become preferred locations
for bubble formation. In an area of =60 nm underneath the film
surface (Figure 5f), some He bubbles are clearly observed and a
few bubbles are aligned and distributed along grain boundaries.
It is worth mentioning that large areas of He bubbles are not
clearly observed at the fluence of 5 x 10! ions cm™. In addi-
tion, with the increase of He-ion concentration, He nanochan-
nels gradually appear and reach up to the maximum quantity in
the peak concentration area (Figure 5d—f). Also, in contrast to
the W;5/G nanofilm, the irradiated pure W film has the most
He nanochannels, which extend dozens of nanometers along
the direction of implantation. Then, in the area close to the end
of He-concentration profile, the number of He bubbles and He
nanochannels tends to decline (Figure 5g). The results show
that the higher the He concentration, the more He nanochan-
nels appear to be formed for different locations of W;5/G mul-
tilayer nanofilm.

In summary, we fabricate W-graphene multilayer composites
with period-thicknesses of 15, 30, and 40 nm. PT technique is
used to characterize thermal transport across thin films. The
calculated thermal resistance induced by the graphene layers

wileyonlinelibrary.com
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sandwiched in tungsten films is under 1.8 x 10 K m? W1,
which indicates that the reduction in thermal transport per-
formance is moderate. Radiation tolerance is demonstrated by
using a 50 keV He'*-ion irradiation to fluences of 5 x 10'® and
1 x 10" ions cm™2, respectively. The performances of the pure
W nanofilms, as well as of several W/G and W/W multilayer
nanofilms with different tungsten period-thicknesses of 15, 30,
and 40 nm, are investigated and analyzed by means of TEM.
Graphene inserted among the W films plays a dominant role
in reducing radiation damage, especially in enhancing inter-
face stability. It is much easier for the pure W nanofilm to form
He bubbles than the W-graphene multilayered composites for
He* irradiation. What is more, the smaller-period-thickness
nanofilm exhibits higher radiation tolerance in the reduction
of He-bubble density. All these results can enable us to design
a promising structural material with both excellent thermal
properties and radiation tolerance, which has great potential for
radiation tolerance materials.

Experimental Section

Fabrication of Samples: The W/G multilayer composites were
fabricated by alternately depositing tungsten film and transferring
monolayer graphene. Monolayer graphene films were fabricated by
modified chemical vapor deposition (CVD).8l The fabrication process
of W/G multilayer composites is shown as follows: first, the tungsten
nanofilm was deposited on Si/SiO, (300 nm) in an ultrahigh vacuum
magnetron sputtering system at room temperature. Then, the monolayer

Adv. Mater. 2017, 29, 1604623
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graphene was transferred onto the surface of the tungsten film by a
poly(methyl methacrylate) (PMMA) method.[**-5% Subsequently, the
next W nanofilm with the same thickness was deposited on top of
graphene. Finally, by repeating the above process, the W/G multilayer
films could be obtained. Meanwhile, we designed three tungsten period-
thicknesses: 15, 30, and 40 nm, as well as W/W multilayer films, which
differed mainly in that no graphene transferred among the W layers.
In addition, corresponding to these samples, a series of single-layer
tungsten films were sputtered, which were similar to the multilayer films
in total thicknesses. The detailed information is shown in the Supporting
Information.

Helium-lon-Beam Irradiation: Helium-ion implantation was performed,
respectively, at room temperature with 50 keV to two fluences (5 x 10'
and 1 x 10" ions cm™?) using an ion implanter (LC22-100-01) at the
Center for lon Beam Application, Wuhan University. The SRIM computer
program was used to calculate the DPA and He concentration versus
radiation depth.

TEM-Sample Preparation: The TEM specimens were prepared by the
conventional method. Gatan M-bond 610 epoxy was used to mount the
sample between two Si wafers. Then, the sample was manually polished
to =40 um. Finally, dimpling is performed followed by Ar* milling with
a voltage of 3 keV or lower to avoid ion-milling damage. TEM was
performed on a Tecnai G2 F20 (FEI) microscope operated at 200 kV.

Supporting Information

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