
Nanoscale
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Fe

br
ua

ry
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

/1
1/

20
26

 1
0:

19
:2

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Soft landing of p
aDepartment of Chemistry, Purdue Universit

jlaskin@purdue.edu
bDepartment of Chemistry, Key Laboratory o

Engineering of the Ministry of Education, Ts
cLife Science Microscopy Facility, Purdue Un

† Electronic supplementary informa
https://doi.org/10.1039/d2na00632d

Cite this:Nanoscale Adv., 2023, 5, 1672

Received 16th September 2022
Accepted 9th February 2023

DOI: 10.1039/d2na00632d

rsc.li/nanoscale-advances

1672 | Nanoscale Adv., 2023, 5, 1672
olyatomic anions onto three-
dimensional semiconductive and conductive
substrates†

Habib Gholipour-Ranjbar, a Hang Hu, a Pei Su,a Hugo Yuset Samayoa Oviedo,a

Christopher Gilpin,c Haomin Wang,b Yingying Zhangb and Julia Laskin *a

Soft landing of well-characterized polyoxometalate anions, PW12O40
3− (WPOM) and PMo12O40

3− (MoPOM),

was carried out to explore the distribution of anions in the semiconducting 10 and 6 mm-long vertically

aligned TiO2 nanotubes as well as 300 mm-long conductive vertically aligned carbon nanotubes

(VACNTs). The distribution of soft-landed anions on the surfaces and their penetration into the

nanotubes were studied using energy dispersive X-ray spectroscopy (EDX) and scanning electron

microscopy (SEM). We observe that soft landed anions generate microaggregates on the TiO2 nanotubes

and only reside in the top 1.5 mm of the nanotube height. Meanwhile, soft landed anions are uniformly

distributed on top of VACNTs and penetrate into the top 40 mm of the sample. We propose that both the

aggregation and limited penetration of POM anions into TiO2 nanotubes is attributed to the lower

conductivity of this substrate as compared to VACNTs. This study provides first insights into the

controlled modification of three dimensional (3D) semiconductive and conductive interfaces using soft

landing of mass-selected polyatomic ions, which is of interest to the rational design of 3D interfaces for

electronics and energy applications.
Introduction

Surface functionalization using well-dened nanoclusters (NCs)
has attracted considerable attention in catalysis and materials
science due to the distinct properties of atomically-precise NCs
as compared to nanoparticles of a similar composition.1–3

Different types of NCs deposited onto surfaces have demon-
strated fascinating performance in oxidative dehydrogenation,4

energy storage,5 sub-surface imaging of 2D materials,6 electro-
catalytic water oxidation,7,8 and lithium–air batteries.9,10 As
a result, there is a considerable interest to the preparation of
uniformly distributed NCs on semiconductive and conductive
substrates for the design of new technological interfaces with
desirable electrochemical, optical, or electronic properties.

Interactions of gas-phase ions with surfaces have been used
in ion implantation, physical and chemical sputtering, surface-
induced dissociation (SID), and so landing experiments.11–16

These processes exploit the ability to accelerate ions in vacuum
to a dened kinetic energy (KE), which determines the outcome
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of ion-surface collisions. By controlling the KE of the ions, the
competition between ion deposition, implantation, sputtering,
desorption, dissociation by collisions with the surface, or
chemical reactivity with surface material may be readily
controlled.17–19 For example, high energy ions (>103 eV) are used
for ion implantation or sputtering.17 Meanwhile, hyperthermal
energy collisions (<100 eV) are dominated by the competition
between ion so landing, scattering, and SID.19 Ion so landing
is a mass spectrometry-based technique, which enables intact
deposition of pure ions of known composition, charge state,
and kinetic energy on either conductive or semiconductive
substrates.14,18–25 This method has been used to generate high-
purity ultrathin layers with unsurpassed selectivity thereby
providing surface preparation capabilities, which are currently
inaccessible using conventional deposition methods. Although
ion so landing has been predominately used for preparing
ultrathin layers of molecular ions on model surfaces including
self-assembled monolayers (SAMs),26–29 highly oriented pyrolytic
graphite (HOPG),30 pure metal substrates,31 and glassy carbon,32

recent studies have demonstrated the potential of this precisely-
controlled preparative technique for the design of
technologically-relevant interfaces and device fabrication.33,34

These applications have been enabled by the development of
high-ux ion so landing instrumentation,35 which is a prom-
ising tool for the design of functional 3D interfaces.36,37

However, little is known about the distribution of so-landed
ions in conductive and semiconductive 3D interfaces, which
© 2023 The Author(s). Published by the Royal Society of Chemistry
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are of interest to applications in catalysis, energy storage, and
separations.

In this study, we examine the penetration of so-landed ions
into two model 3D materials: a substrate composed of 10 and 6
mm-long vertically aligned TiO2 nanotubes (NTs) as a semi-
conducting substrate and a conductive substrate composed of
300 mm-long vertically aligned carbon nanotubes (VACNT). Both
TiO2 NTs and VACNTs are attractive materials for applications
in energy storage and electronics and are well-suited for
studying the distribution of so-landed ions along the depth of
3D interfaces.38–42 This study provides insights into the design
and functionalization of semiconductive and conductive 3D
materials using well-dened ions.

Experimental
Preparation of TiO2 NTs and VACNTs

Substrates containing 10 mm-long TiO2 NTs were prepared
using a two-step anodization of a Ti foil (thickness 0.127 mm,
99.7% trace metals basis, Sigma Aldrich) in an electrolyte
composed of 96.7% of ethylene glycol (EG), 3% of deionized (DI)
water, and 0.3% of ammonium uoride (NH4F). Briey, 0.16 g
NH4F was dissolved in 1.5 mL of DI water and 48.5 mL of EG was
added to the solution and mixed for 10 min to obtain a uniform
electrolyte solution. A two-electrode system was used for
applying the anodization voltage in the range of 0–60 V with
a limiting current of 0–0.5 A using a DC power supply (E3612A,
Agilent). In this system, the Ti foil (0.5 cm × 1 cm) was con-
nected to the anode (positive electrode) and a graphite rod
served as a cathode (negative electrode). Anodization was per-
formed by applying a 60 V potential to the anode for 2 h with the
cathode connected to the ground potential. An oxide layer
generated on the surface of the Ti foil was dried and removed
from the surface by blowing the N2 gas resulting in a shiny and
clean Ti foil substrate. The clean Ti substrate underwent
a second anodization step at 60 V for 30 min to generate verti-
cally aligned TiO2 NTs. All the anodization processes were per-
formed at room temperature while the solution was stirred
slowly using the magnetic stirrer bar to keep the composition of
the electrolyte uniform during the anodization. The prepared
TiO2 NTs were washed in deionized (DI) water, sonicated for
5 min in water to remove impurities, and dried at room
temperature. A substrate containing 6 mm-long TiO2 NTs was
prepared using the same procedure. The only difference is the
second anodization step which was 15 min at 60 V. The as
synthesized TiO2 samples were annealed in air at 350 °C for
2.5 h to improve their conductivity and make them suitable for
so landing experiments. The resistance of the annealed
samples was 50–70 kU measured using a digital multimeter
(115 TRUE RMS, FLUKE). Meanwhile, before annealing, the
substrates had an innite resistance. The decrease in the
resistance of TiO2 samples is attributed to the formation of the
anatase form of TiO2 (according to the XRD of the annealed
TiO2 sample shown in Fig. S1†), which has a lower resistance as
compared to the amorphous TiO2.43 The annealed TiO2 NTs
were used as a semiconducting substrate in ion so landing
experiments.
© 2023 The Author(s). Published by the Royal Society of Chemistry
The VACNT arrays were synthesized through the chemical
vapor deposition (CVD) method in a quartz tube furnace,
following protocols reported by Zhang et al.44

Ion so landing experiments

The POM anions were so-landed onto substrates using
a custom-designed ion so landing instrument described in
detail in our previous study.45 As indicated earlier, all the so
landing experiments onto TiO2 NTs were performed using the
annealed TiO2 substrates. A 150 mM solution of Na3[PW12O40]$
H2O or Na3[PMo12O40]$H2O in methanol was transferred
through a fused silica capillary (Polymicro, ID 51.5 mm, OD
149.8 mm) positioned in front of the instrument's heated inlet at
a ow rate of 60 mL h−1 using a syringe pump (LEGATO 101, KD
Scientic, Holliston, MA). POM anions are generated at the tip
of the capillary by applying −3.0 kV to the syringe needle. Ions
are subsequently transferred into a bent ion guide which bends
the ion beam to eliminate droplets and neutral species from the
instrument axis. Ions of interest are selected using a quadrupole
mass lter (9.5 mm rod diameter, Extrel CMS, Pittsburgh, PA). A
mass-selected ion beam is collimated using an einzel lens and
transferred to a surface, positioned aer the lens and connected
to a picometer (RBD 9103 USB Picoammeter, RBD Instruments,
Bend, OR), which measures ion current. Based on the measured
ion current (∼6 nA on both VACNT and TiO2 NTs), we calculated
ion coverage on surfaces as described in the ESI.† We note that
ions are directed at the surface along the surface normal. As
a result, the lateral component of the ion velocity is very small in
our experiments.

Typical voltages applied to different elements along the ion
beam path optimized for WPOM and MoPOM analytes are as
follows: peak-to-peak voltages of 180 V in the high-pressure
funnel (HPF) and 65 V in the low-pressure funnel (LPF); DC
bias of −8.0 V is applied to the bent atapole rods, and the
quadrupole mass lter is operated at a frequency of 555 kHz.
The pressure in the so landing chamber during ion deposition
is 4 × 10−5 Torr.

Mass spectrometry analysis

All mass spectrometry analyses of the substrates aer so-
landing were performed using an ion mobility quadrupole
time-of-ight mass spectrometer (Agilent 6560 IM QTOF, Agi-
lent technologies, Santa Clara, CA). The sample surface was
washed with 150 mL of methanol. The resulting solution was
introduced into the mass spectrometer. Ions were produced
using a custom-designed ESI source operated in negative ion
mode. In this source, a sample solution is delivered to a mass
spectrometer inlet using a syringe pump (LEGATO 180, KD
Scientic, Holliston, MA) through a fused silica capillary (OD
150 mm × ID 50 mm) at a ow rate of 0.3 mL min−1 and ionized
by applying a high voltage of 3.5 kV to the instrument's inlet.

Sample preparation for SEM and EDX analysis

We used a eld-emission scanning electron microscope (FEI
Quanta 3D FEG Dual-Beam SEM, FEI Company, Hillsboro, OR)
equipped with EDX for the characterization of both the pristine
Nanoscale Adv., 2023, 5, 1672–1680 | 1673
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Fig. 1 A photograph of the sample holder and a schematic drawing
illustrating the mounting geometry used for the cross-section analysis
of the substrates. The dashed line shows the location where the
sample is mounted.
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3D materials and materials populated with so-landed ions.
The top sides of the samples were analyzed directly using SEM
and EDX. In order to prole chemical gradients throughout the
depth of the TiO2 NTs samples, we carefully peeled off a small
area of the TiO2 NTs layers from the edge of the Ti substrate by
gently bending the Ti/TiO2 substrates which detaches 10 mm
TiO2 from the Ti substrates making cross sectional EDX analysis
Fig. 2 (a–d) SEM images of the synthesized highly ordered vertically alig

1674 | Nanoscale Adv., 2023, 5, 1672–1680
easier. In contrast with 10 mm TiO2 NT layer which detaches
readily from the Ti substrate, 6 mmTiO2 NTs do not detach from
the Ti substrate aer bending as seen in its SEM image in
Fig. S3.† Meanwhile, the cross section of the VACNT substrates
was prepared by cutting a small section of the substrate using
a sharp blade. The cleaved substrates were mounted onto
a sample holder vertically such that the electron gun of the SEM
is directed at the cross section of the substrates as shown in
Fig. 1. The start and end point of the prepared cross sections for
EDX line scan analysis is determined under SEM. As seen in
Fig. S2† we selected the start and end point of the line scan
under SEM to exactly target the bottom of TiO2/WPOM (not the
Ti substrate) and the topmost point where NTs end.

We used Oxford Instruments Aztec soware controlling
a SDD EDX detector set at process time 3. The microscope was
set at 20 kV spot size 5 with a working distance of 10 mm. Line
scans were collected with 500 points over a line length of 10 mm.
The results are semi quantitative. The resolution is dependent
on spot size, accelerating voltage and the density of the sample.
The depth that the beam penetrates is about 1.4 mm into Ti and
about 0.35 mm in tungsten. We do not know the exact diameter
ned TiO2 NTs at different angles and magnifications.

© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2na00632d


Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Fe

br
ua

ry
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

/1
1/

20
26

 1
0:

19
:2

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
of the beam. The microscope manufacture does not reveal this
information.
Results and discussion

We synthesized vertically aligned TiO2 NTs substrates using
a well-established anodization method46 with some modica-
tions mentioned in the experimental part. Fig. 2 shows the SEM
images of the prepared TiO2 NTs at different magnications.
SEM images obtained from the top of the substrate (Fig. 2a and
b) show well-ordered NTs with the inner diameter of 100 nm.
Fig. 2c and d shows the cross-sectional SEM images (Fig. 2c and
d) of 10 mmTiO2 NTs aer detaching them from the Ti substrate
by carefully bending the Ti/TiO2 sample. These images exhibit
NTs with the length of 10 mm that still preserve their order and
integrity aer being detached from the Ti substrate. In contrast,
6 mm TiO2 NTs do not detach from the substrate as shown in
Fig. S3.†

The EDX spectrum averaged over a line scan acquired on top
of the TiO2 NT surface is shown in Fig. 3a. The spectrum
conrms the presence of Ti and O elements in the top layer with
Fig. 3 (a) The EDX spectrum of the TiO2 NTs; the elemental composition
inset. (b) EDX line scans across the length of pristine TiO2. The results ar

© 2023 The Author(s). Published by the Royal Society of Chemistry
a 2.4 : 1 atomic ratio of O : Ti, which is greater than the expected
O : Ti ratio of 2 : 1 for pure TiO2. The EDX line scan across the
length of the pristine TiO2 NTs shown in Fig. 3b indicates that
the atomic percentages (at%) of O and Ti atoms remain
constant across the TiO2 NT with the expected atomic ratio of
2 : 1 for O : Ti in the bottom 6.5 mm of the NTs. However, the
atomic percentage of O increases substantially and that of Ti
decreases in the topmost 3.0 mm of the TiO2 NTs. Because
annealing is performed in air, the topmost layers of the NTs are
more exposed to oxygen and are expected to be oxygen-rich. The
increase in the O : Ti ratio in the topmost layer of TiO2 NTs may
be due to the presence of anionic TiO3 or TiO4.47,48 EDX analysis
conrms that the as-synthesized NT arrays are composed of
pure titanium oxide with a greater atomic percentage of oxygen
than in pure TiO2 in the topmost 3.0 mm of the TiO2 NTs.

The annealed TiO2 NTs were used as a surface for ion so
landing to investigate how anionic species populate 3D semi-
conducting interfaces. In these experiments, we used well-
characterized PW12O40

3− (WPOM) anions. The dark eld
microscopy image of the WPOM so landed on the TiO2 NTs
with the coverage of 3.0 × 1014 ions (480 ng) is shown in Fig. 4a.
in both the atomic (at%) and weight (wt%) percentages are shown in the
e expressed in terms of atomic percentages of the elements.

Nanoscale Adv., 2023, 5, 1672–1680 | 1675

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2na00632d


Fig. 4 (a) A dark filed microscopy image, (b) SEM image, (c) EDX mapping of tungsten (W), and (d) EDX mapping of oxygen (O) in the TiO2 NTs
substrate containing WPOM at a coverage of 3 × 1014 ions (480 ng).
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The middle of the deposition spot, which has a higher
concentration of anions appears blue in the image. The color of
the deposition spot may be attributed to the formation of larger
particles as a result of the dewetting process described in our
previous study.27 In that study we demonstrated that anions on
surfaces attract neutral molecules present in the background of
the vacuum system and generate metastable layers that are
stabilized by interactions with image charge in the underlying
surface. When the layer is exposed to air, it uptakes water
molecules. Water uptake initiates the dewetting process.
According to the dewetting theory, depending on the thickness
of the layer, it can be stable, unstable, or metastable. Both the
kinetics and mechanism of the dewetting process are affected
by the thickness of the layer as described in ref. 49. Given that
the ion beam has a Gaussian shape with more ions in the
middle of the ion beam, the center of the deposition spot has
more anions and consequently more dewetting. Therefore, the
dewetting process generates particles of different size depend-
ing on surface coverage. These particles interact differently with
light resulting in a different color of the center and edges of the
deposition spot. The SEM image of the sample (Fig. 4b) shows
the presence of micron-size aggregates on top of the TiO2 NT
substrate. Meanwhile, EDX mapping analysis of the aggregates
(Fig. 4c and d) indicates that their composition is dominated by
1676 | Nanoscale Adv., 2023, 5, 1672–1680
oxygen (O) and tungsten (W) conrming the formation of
WPOM aggregates on the TiO2 NT surface. We note that
aggregate islands form randomly in some parts of the deposi-
tion area. The small size of the aggregates did not allow us to
target them using EDX line scan analysis of the cross section of
the TiO2 NT surface. Additional SEM images shown in Fig. S4†
indicate that there are other areas covered byWPOM that do not
contain aggregates.

In order to quantify the penetration of so-landed anions
into the 3D 10 mm TiO2 NTs substrate, we performed EDX
analysis of the cross section of the substrate prepared by so
landing of 3.0 × 1014 ions (480 ng) of WPOM. The results of this
analysis are summarized in Fig. 5 both in terms of weight
percentage and atomic percentage of different elements along
the length of TiO2 NTs. The EDX line scan of this sample shows
a similar trend in the O : Ti ratio across the NTs as the pristine
TiO2 (as seen in Fig. 3b). In this sample, the O : Ti ratio increases
in the topmost 3.0 mm of the substrate. In addition, a signal
corresponding to W atoms of WPOM appears at 8.5 mm and
increases towards the top of the substrate. This is more
noticeable in Fig. 5a because the weight percentage of W is
higher than its atomic percentage.

Similar penetration depth of WPOM is observed in shorter
TiO2 NTs (6 mm) as shown in Fig. S5 and S6† conrming that the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 EDX line scans across the length of TiO2 NTs prepared by soft landing of 3× 1014 ions (480 ng) of WPOM (a) in terms of weight percentage
(wt%) (b) in terms of atomic percentage (at%) versus the length of NTs.
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penetration depth is rather independent of the length of the
NTs. These observations indicate that WPOM penetrates only
into the top 1.5 mm of the TiO2 NTs substrate. To demonstrate
the reproducibility of the WPOM penetration into the TiO2 NTs,
we acquired multiple EDX line scans in the vicinity of the target
cross section for 6 mm TiO2/WPOM. As seen in the Fig. S5 and
S6,† the peak corresponding to WPOM is observed in the
topmost 1–2 mm of the NTs. Additionally, the ratio of O : Ti
throughout the 6 mm TiO2 is slightly higher compared to the
value obtained for 10 mm TiO2. However, similar penetration
proles of POM anions showing that they reside on the topmost
1–2 mm of the NTs were observed for both longer and shorter
TiO2. We believe that so-landed ions are deposited both onto
the rims and inside the NTs. Because the diameter of the NTs
(100 nm) is much greater than the thickness of the nanotube's
rim (10 nm), a substantial fraction of the so-landed ions likely
“y” inside the NTs until they hit the wall. However, because of
the relatively high resistivity of TiO2, we anticipate that so
landed POM anions generate a potential that slows down the
ions and prevents them from penetrating deeper into the layer.
The formation of microaggregates on top of the layer supports
this assertion.

Surface analysis of the TiO2/WPOM sample using mass
spectrometry shows the presence of the triply and doubly
© 2023 The Author(s). Published by the Royal Society of Chemistry
charged WPOM anions (Fig. S7a†) conrming their intact
deposition onto the TiO2 surface.

The EDX line scan obtained for another 10 mm TiO2 NTs
sample aer so landing of 6.2 × 1014 WPOM anions (960 ng)
(Fig. S8 (at%) and S2 (wt%)†) shows that, even with a substan-
tially higher coverage, WPOM only penetrate into 1.0–1.5 mm of
the TiO2 NTs topmost layer. Moreover, the SEM image of this
sample shows the formation of larger aggregates on the surface
(Fig. S9†). It follows that the depth of penetration of POM
anions into TiO2 NTs is not affected to a signicant extent by the
coverage. Meanwhile, the aggregation of POM on top of the
surface is coverage-dependent. The limited penetration depth
of anions into the 3D TiO2 NTs may be attributed to its relatively
low conductivity, which may result in charging up of the layer
containing stable anions. Specically, it has been demonstrated
that oxygen-rich titanium oxides including TiO3 have a lower
conductivity than TinO2n−1, n = 3, 4 and 5.50,51 It is reasonable to
assume that the top layer of the annealed TiO2 NT substrate has
a lower conductivity than the rest of the sample, which could
rationalize the observed aggregation and limited penetration of
WPOM into the oxygen-rich layer of TiO2 NTs.

In another experiment, we examined so landing of
PMo12O40

3− (MoPOM) onto the conductive VACNTs substrate to
compare the penetration depth of anions into semiconductive
and conductive 3D substrates. The MoPOM anion used as
Nanoscale Adv., 2023, 5, 1672–1680 | 1677
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Fig. 6 (a) A dark filed microscopy image, (b) top view SEM image, (c) side view SEM image, and (d) EDX mapping analysis of Mo in the VACNT/
MoPOM sample (brighter blue color indicates higher abundance of Mo atom).
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a model system in these studies has a similar structure and
charge state as the WPOM anion discussed earlier. A dark eld
microscopy image of the VACNT substrate containing 1.0× 1014

so landed MoPOM anions (100 ng) shows a visible deposition
spot on the surface (Fig. 6a). The top view SEM image of the
deposition spot is shown in Fig. 6b. We do not observe any
aggregates in the image indicating that anions are uniformly
distributed on the surface. The side view SEM image of the
VACNT sample shown in Fig. 6c indicates the presence of well-
ordered vertical nanotubes with bending on the top that may be
due to the cutting process that was used for generating the cross
section for EDX line scan analysis. SEM images of pristine
VACNT before so landing and cutting shown in Fig. S10† do
not exhibit bending on the top. EDX mapping analysis of the
cross section of the VACNT/MoPOM sample is shown in Fig. 6d.
The EDX map shows a gradual increase in the abundance of Mo
going from the bottom to the top of the VACNT substrate
indicating that so landed anions mainly reside in the topmost
40–50 mm of the VACNT.

In order to examine the effect of the kinetic energy (KE) on
the penetration depth of anions into the VACNT material, we
performed a systematic study by so landing 1.0× 1014 (100 ng)
of mass selected MoPOM anions onto different VACNT
1678 | Nanoscale Adv., 2023, 5, 1672–1680
substrates. The atomic percentage of Mo obtained based on the
EDX line scan analysis across sample is shown in Fig. 7a. We
observe a substantial increase in the penetration depth from 25
mm to 40 mmwith an increase in the KE from 5 to 14 eV. Further
increase in the KE to 24 and 34 eV does not alter the penetration
depth to a signicant extent. This observation indicates that
aside from very low KEs, the penetration of so-landed anions
into the VACNT material is largely independent of the KE of the
projectile ions. The decrease in the penetration depth observed
at the KE of 5 eV may be attributed to the presence of a relatively
small barrier for anion penetration into the conductive 3D
material, which is readily overcome by increasing the KE to
14 eV. Although we do not know why there is a barrier for anion
penetration into the layer, our data provides evidence that ion
penetration into VACNTs is an activated process. The barrier
may be generated by the presence of a partial charge on the
surface or the morphology of the layer.

We have also examined the dependence of the anion pene-
tration depth into the VACNT material on ion coverage. The
atomic percentage of Mo obtained from the cross-sectional EDX
line scan analyses of the VACNTs is shown in Fig. 7b. We do not
observe any substantial change in the penetration depth of
MoPOM at the lower coverages of 0.5 × 1014, 1 × 1014 (100 ng),
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) EDX line scans along the depths of the VACNT substrates containing 1 × 1014 MoPOM anions deposited with different KE, (b) EDX line
scans along the depths of the VACNT substrates at different coverages of MoPOM.
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and 2 × 1014 (200 ng). However, at higher coverages of 4 × 1014

(400 ng) and 5 × 1014 (500 ng), the gradient of the atomic
percentage of Mo along the VACNT becomes much shallower
indicating that the anions penetrate deeper into the VACNT
substrate reaching the 20–40 mm depth. We have previously
demonstrated that a substantial fraction of so-landed POM
anions retain their charge on surfaces.52 This results in charge
accumulation on a surface. The charged layer is stabilized by
the image charge in the underlying surface.21,27 This generates
a eld gradient along the axis perpendicular to the surface. It is
reasonable to assume that this eld gradient promotes the
migration of anions landed on the surface into the nanotubes
and that the penetration of so-landed anions into the VACNT
substrate, which becomes more efficient as the electric eld
strength increases at higher anion coverages.

To conrm the reproducibility of the MoPOM anions pene-
tration into the VACNT substrates, we performed so landing of
MoPOM with the coverage of 1 × 1014 ions and KE of 14 eV onto
three different VACNT substrates and analyzed them using EDX.
As seen in Fig. S11a,† all the samples show similar proles for the
penetration of MoPOM into the VACNT substrates. So landing
MoPOM anions with the KE of 34 eV resulted in a similar pene-
tration prole for MoPOM anions as shown in Fig. S11b.†

Mass spectrometry analysis of the VACNT/MoPOM prepared
by so landing MoPOM with the KE of 34 eV revealed the
presence of the triply charged intact MoPOM (Fig. S7b†) as
a dominant species on the surface. We also observed an abun-
dant peak corresponding to the protonated doubly charged
MoPOM. However, no peaks corresponding to fragment ions of
MoPOM were observed in these experiments conrming depo-
sition of intact anions on the surface.

In summary, a comparison of the distribution and depth
penetration of so-landed anions into vertical TiO2 NTs and
VACNTs demonstrates that anions are distributed uniformly
and penetrate efficiently into the conductive VACNT. Mean-
while, aggregation of anions on top of TiO2 NTs likely prevents
their penetration into the semiconductive TiO2 NT.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Conclusion

In this study, we examined the distribution of so-landed
anions in both semiconductive and conductive 3D substrates
using SEM and EDX analysis. We observed that so-landed
anions generate microaggregates on the semiconducting TiO2

NTs and only penetrate into the top 1.5 mm of both the 10 mm-
and 6 mm-long TiO2 NTs. Meanwhile anions are uniformly
distributed on the surface of 300 mm-long conductive VACNTs
and penetrate into the top 40 mm of this substrate. Our results
indicate that so landed anions have different distributions in
semiconductive and conductive substrates, which may be
attributed to different substrate conductivity that affects the
electric eld generated by the anionic species in the 3D mate-
rial. Particularly, EDX analysis revealed that the topmost 3.0 mm
layer of the TiO2 NTs contains oxygen-rich titanium oxide
species that are known for their lower electrical conductivity as
compared to the stochiometric TiO2. This study demonstrates
the feasibility of ion deposition into both conductive and
semiconductive 3D nanostructures, providing valuable insights
into the functionalization of porous structures using mass
selected ions for potential applications in energy storage and
electronics.
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