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Solid sorbents for carbon dioxide (CO,) capture remain both a scientifically challenging and a techno-
logically important area of work. The use of the right material and the understanding of its

microstructure are critical for boosting the sorption performance. In this work, we show that the incor-
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poration of PEl in Mo oxide via the introduction of a rejection potential in pulsed electrodeposition can
create a hybrid film with an enhanced CO, sorption performance. By controlling the PEl incorporation
and studying the interaction between PEl and Mo oxide, we suggest that the improvements seen can be

attributed to the role of PEl as an active surfactant for CO, sorption, enabling the enhanced

rsc.li/materials-advances

1. Introduction

One of the most effective and mature CO, capture techniques
at an industrial scale is aqueous amine sorption. However, the
technique has its challenges such as high cost (due to equip-
ment corrosion), a high regeneration energy consumption,
potential pollution and toxicity."” Alternatively, solid sorbents
for CO, capture that utilize physical sorption via materials such
as MOFs, zeolites, activated carbon, and porous silica are
potential competing or complementary solutions.® It has also
been reported that their performance at low CO, partial pres-
sures can be tuned and enhanced via functionalization with
active sorbents like amines.”” Generally, sorption materials
require the combination of high surface area and porosity,
coupled with high selectivity and a high regeneration ability for
CO, capture.®™

Compared with more traditional amine-based techniques,
solid sorbents are attractive candidates for CO, sorption since
they offer potentially lower energy and regeneration require-
ments,'® with tunable selectivity,"""* and can be a retrofittable
add-on for CO, removal.’® They also offer potentially better
operational benefits such as lower corrosion, degradation,
or detrimental environmental concerns.’*'* However, they do
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microstructure and the resultant CO, sorption performance.

suffer from a lower adsorption capacity, potential pore block-
ages by water vapor under humid conditions, and poor CO,/N,
selectivity. A hybrid polymer-inorganic sorbent might provide a
promising solution to those limitations,"” where surface func-
tionalization with amino groups can yield improved efficiency.
With silica-supported polyethyleneimine (PEI) sorbents, increasing
the PEI loading has been shown to improve the CO, capture
performance initially, although this results in the possible agglo-
meration of particles and poorer dispersion that leads to a
decrease in the performance with higher loadings.'®"” The mole-
cular weight of PEI also affects the pore sizes, and CO, sorption
rates tend to be lower with any increased molecular weight of PEI
used.® These studies have shown that, besides being an active
sorbent, PEI influences the microstructure and plays a critical
role in affecting the diffusion of the CO, gas from the surface to
the bulk. This quality remains important and amines can also
dynamically change the sorbent viscosity through intermolecular
cross-linking between the PEI chains during sorption.**®

In the silica-supported PEI, the silica primarily provides both
an increased surface area and mechanical support for the active
sorbent. A recent study in thin-film sorption showed the perfor-
mance of thin films comprising magnesium and a metal-organic
framework (MOF), synthesized via vapor-assisted crystallization,
with the film thicknesses ranging from 55 to 1300 nm. CO,
sorption measurements using a QCM device show a similar
uptake (~7.7 mmol g ') at 1 bar for all the films of different
thicknesses.'® High-performing thin films are possible because
dead weights are prevented, and our previous studies have
demonstrated the high-performing dye-sorption capability of Fe
oxide thin films,*® as well as, more recently, a high-performing
carbon dioxide (CO,) sorption Mo oxide thin film.>" More impor-
tantly, the supported-substrate approach enables detailed studies
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on the chemical nature of the materials with the sorbents, which
is useful for the further design and tuning of materials. Amine is
one of the best-performing commercial chemisorption materials.
For supported PEI studies, PEI typically yields 7-10 mmol gpg; * 2>
for the material itself, although the overall performance is lower
due to the presence of the support and the increasing gel
viscosity upon sorption with a higher PEI loading.>® The use of
PEI loading in a coating context has also been demonstrated by
Krishnamurthy et al., where silica-PEI and silica-TEPA were
incorporated as pigments into a paint formulation for control-
ling indoor air quality. They reported a promising adsorption
capacity of 1 mmol g~ at 800 ppm of CO, and 15% RH, even at a
significant film thickness of 55 um.>

In this work, we explore the PEI-Mo oxide hybrid film, in
particular on how incorporating PEI results in microstructure
changes and effects the CO, sorption performance. The
supported-substrate approach enables us to study the chemical
nature of the deposited materials and their interaction with the
support substrate. We utilize electrodeposition (ED) as it is an
excellent coating process that provides control over the thick-
ness and homogeneity of the films. It is simple, economic,
versatile and, most importantly, is scalable, even for industrial-
type applications.”>*” One persistent challenge of electro-
deposition for such a hybrid film is the ability to incorporate
non-conducting materials such as PEI, and this greatly restricts
its versatility. Here, we introduce a facile protocol and method,
to demonstrate how to overcome this hurdle and hence present
a route for depositing such non-conducting materials via the
electrodeposition process. The protocol opens up the electro-
deposition method to the possibilities of varied combinations of
both conducting and non-conducting hybrid films. Subsequently,
we will also examine the resultant hybrid film properties and
examine its CO, sorption performance and provide an under-
standing of the hybrid film’s evolution and performance through
both theoretical calculations and experimental validation.

2. Experimental section
2.1 Electrochemical deposition

All chemicals used in this work, including sodium molybdate
dihydrate (Na,Mo0O,-2H,0), poly(ethyleneimine) solution
(My, ~ 2000), and sulfuric acid (H,SO,), acetone and isopropanol,
were purchased from Sigma-Aldrich; they are of analytical grade
and were used as received without further purification. The two
main electrolytes used for electrodeposition in this work are:
(1) 20 mM sodium molybdate dihydrate in deionized water, and
(2) 20 mM sodium molybdate dihydrate with 0.25 wt% PEI in
deionized water. All the solutions are acidified to a pH of 5.5-6
using dilute sulfuric acid. Constant potential (CP) and pulse
potential electrodeposition (PPED) methods were used for the
deposition of the films on conductive ITO/glass substrates. Cyclic
voltammetry (CV) was utilized to study the oxidation and
reduction reactions in the respective electrolytes. Substrates
were cleaned with acetone, isopropanol (IPA) and deionized
water before electrodeposition. The electrodeposition method

© 2022 The Author(s). Published by the Royal Society of Chemistry
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was performed using a three-electrode potentiostat system
(Autolab), with Ag/AgCl (3M KCl) as the reference electrode and
platinum as the counter electrode, and the distance between
the substrates and the counter electrode was ~1.5 cm. The
pulsed voltage profiles were applied using a Metrohm Autolab
(PGSTAT302N) with a high-speed amplifier setup (125 kHz; 8 s
ramp time). All the applied potentials reported in this work
were referenced against the Ag/AgCl electrode. Samples were
rinsed in DI water and dried using a N, gun before further
characterization.

2.2 Sample characterizations

A Theta Probe (Thermo Scientific) instrument with a mono-
chromatic Al Ko (1486.6 eV) X-ray source was used for X-ray
photoelectron spectroscopy (XPS) analysis. Measurements were
recorded using a 400 pm beam spot size, with a pass energy of
40 eV and a step size of 0.1 eV. The adventitious carbon C 1s
peak at 284.6 eV was used as the charge-correction reference
when appropriate and possible. The recorded spectra were
deconvoluted using a least-squares error method in peak fitting
using the CasaXPS software. In this work, the following fitting
constraints were utilized: (1) spin-orbital splitting of ~3.13 eV
between the Mo 3ds,, and 3d;,, core levels, (2) an area ratio of
~3:2 for Mo 3ds/, : Mo 3d3/,, and (3) consistency across FWHM
and line-shapes together with the peak positions recorded.
Scanning electron microscopy (SEM) was performed using an
FEI Helios 600 instrument and was used to study the surface
morphology of the hybrid films.

CO, sorption isotherms were measured at room temperature
(25 °C) under different pressures using ASAP2020 apparatus
(Micromeritics). Samples were coated on the appropriate
ITO/glass substrates with a surface area of 15 x 8 mm to fit
in the tube holder. The samples were degassed at 150 °C
for 10 h to prepare all of the porosities prior to analysis.
High-purity CO, gas was employed for sorption analysis.
Subsequently, isotherms were modified based on the area
and density of the thin films.

2.3. Density-functional theory calculations

The spin-polarized density-functional theory (DFT) calculations
were performed using the Vienna ab initio simulation package
(VASP.5.4.4.18) with the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functionals and the projector augmented
wave (PAW) potential. For all the calculations, the cut-off
energy, the convergency of the total energy and the force on
each atom were set to 400 eV, 107 ° eV and 0.01 eV A%,
respectively. The van der Waals interaction was considered
using the DFT-D3 method. The correlation effect of the Mo d
orbital was considered using Hubbard U correction (U= 6.3 eV).
For the MoO; bulk with the orthorhombic structure, the
Brillouin zone was sampled using a 12 x 10 x 4 k-point mesh.
Based on these settings, the lattice constants of the MoO; bulk
were calculated to be a = 3.74, b = 3.77, and ¢ = 13.71 A, in line
with the experimental values and previous calculations.”®*™*°
The adsorption of the PEI molecule on the MoO; surface was
modelled by placing a PEI molecule on a (4 x 4 x 1) MoO; (001)
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surface (Mo®"), and on surfaces with one oxygen vacancy at the
bridge site (Mo®") and with one oxygen at the top site (Mo*"),
as illustrated and described in Fig. S1 (ESIt). For these slab
models, a vacuum layer thicker than 15 A was applied normal
to the MoOj; (001) surface, as well as dipole correction, in
which 4 x 4 x 1 k-point meshes were used to sample the
Brillouin zones.

3. Results and discussion

3.1. Electrodeposition of Mo oxide

It is important to have a good understanding of the electro-
deposition of MoO; to determine the overpotentials and how
the electrodeposition affects the resulting thin films. This is
especially crucial for MoO; as different conditions may yield
different stoichiometries that will have an influence on the
subsequent co-deposition and the CO, sorption performance.
In general, there are two reduction reactions in molybdate-
based electrolytes, and they are associated with the Pourbaix
diagram of the Mo-O-H system in acidic pH. The possible
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reactions are shown via the CV profile in Fig. 1a, and they can
be divided into Regions A, B and C. In Region A (—0.2 to —0.7),
the observed cathodic current peak at around —0.5 V is related

to the reduction of MoO,>” ions via eqn (1):**?

Mo0O,>™ + 2H,0 + 2~ — MoO, + 40H "~ €))

MoO, + 20H™ + 2H" - Mo0O; + H,O + H, 2

This reaction shows the conversion to MoQO, that is subse-
quently oxidized and deposited as MoO;. Based on the enthalpy
of formation of MoOQj3, the conversion of MoO, to MoOj; in the
presence of OH™ (eqn (2)) has a large negative formation energy
(Section S2 in ESIT) and can potentially proceed if the reactants
are available. A deeper understanding of the evolution is
investigated in this work through understanding the chemical
composition of the resulting film at the respective deposition
voltage. The XPS spectra of films derived via constant-voltage
deposition are shown in Fig. 1b. In order to achieve a higher
consistency over differing deposition rates at the different
potentials, all samples from constant-voltage deposition were
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(a) Cyclic voltammetry measurement in 20 mM sodium molybdate dihydrate solution across the essential potential range (vs. Ag/AgCl) for Mo

oxide thin-film electrodeposition. There are 3 distinct reaction regions indicated as Regions A, B and C. (b) Fitted XPS spectra of the constant-voltage-
deposited Mo oxide thin-film across the selected applied potential as indicated. (c) Summary of the fitted XPS spectra from (b), of the representative Mo
oxide film across the 3 regions, showing the relative concentrations of the different Mo oxidation states (6+, 5+, 4+).
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set to yield the same calculated charge (Q) according to the
recorded chronoamperometry, and the resultant defect-
concentration-profile distribution is summarized in Fig. 1c.
The Mo 3d spectra for the films deposited in Region A is
largely stoichiometric. The film electrodeposited at a high
potential (—0.2 V) is generally defect-free as the oxidation of
MoO, appears to be complete. This can be seen via the absence
of any Mo>" or Mo*" signals that imply the presence of oxygen
vacancy defects. A small amount of Mo®" can be seen as the
potential is decreased to —0.6 V, which yields a cathodic peak.
The cathodic peak signals a faster deposition rate (eqn (1)), and
hence the relative transport and reaction of OH™ with MoO,
(eqn (2)) may become the limiting step resulting in the for-
mation of sub-stoichiometric Mo oxides. This further explains
and supports the observation that the film deposited at —0.2V
is generally defect-free as the lower deposition rates provide a
higher chance for the interaction of the “OH reactants with the
electrochemically formed MoO, and explains the observation of
the slight Mo®" presence at the higher deposition potential of
—0.6V, as shown in Fig. 1b. In region B (—0.8 to —1.1 V), the
increase in the cathodic current can be attributed to the two
additional competing reactions shown in eqn (3) and (4):**

MoO, + 2H,0 + 4¢~ — Mo + 40H~ (3)

Mo0O,%™ + 4H,0 + 6e~ — Mo + 8OH (4)

The two reactions look to shift the reaction to arrive at more
elemental Mo, either through reduction of the previously
produced MoO, layer (eqn (3)) or reduction of MoO,>~ ions
(eqn (4)). Molybdenum metal can still react with the surround-
ing water or available oxygen to form molybdenum oxide. The
availability of oxygen at this stage can potentially favor the
formation of more stoichiometric Mo oxide growth.> Without
this, limited oxidative reactants will yield a more defective film,
as shown in the XPS plot of the film deposited at —1.0 V,
which yields Mo®* and slight Mo** defects. Finally, in Region C
(<—1.2 V), the cathodic current rise is accounted for by
hydrogen evolution. The XPS spectra of the films deposited at
—1.2 Vand —1.4 V show a significant level of defect concentration.
It is possible that the presence of H™ or hydrogen intercalation has
an etching or reducing effect that can potentially increase the
Mo>" defects in the Mo oxide structure.>'*3*

The above relationship between the applied potential and
the growth rate and stoichiometry is an important starting step
for subsequent co-deposition. This understanding enables us
to rationally design the co-deposition recipe, as we will demon-
strate via an example with non-conductive PEI, and helps to
explain some of the defects evolved in the process.

3.2. Incorporating PEI into thin films via electrodeposition

Non-conductive polymers such as PEI cannot be directly electro-
deposited, and to the best of our knowledge we have not come
across such reports. One possible way to incorporate them in
electrodeposition is through a co-deposition approach. Unfortu-
nately, adding non-conducting elements in the electrodeposition
may reduce the ionic and electronic conductivity by increasing the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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viscosity and reducing the interaction at the electrode surface.
Therefore, using PEI as an example, the available literature has
only employed it as an additive to suppress dendritic
growth®>*® and to provide smaller grain sizes and smooth
finishing with lowered growth rates.’’*® Our attempts at the
direct electrodeposition of a PEI-Mo oxide hybrid film were
also not successful. We employed a simple constant-potential
method using an as-prepared solution with 0.25 wt% PEI to
incorporate the PEI inside the Mo oxide films. XPS spectra from
the surface and depth-profile layers show very little molybde-
num signal (Fig. S3a, ESIt) but a strong N 1s peak at ~398.2 eV
(Fig. S3b, ESIT). The peak represents PEI but disappears in the
depth-profile scans, showing that it is PEI surface adsorption
(Fig. S3b, ESIT). The low growth of Mo oxide films is unexpected
given our calibration of the growth rate at the same potential.
Therefore, we concluded from the above observations that the
PEI adsorbs on the surface and results in strong passivation
that prevents the further electrodeposition of Mo oxide.
We further investigated the nature of the PEI adsorption via
drop-cast PEI on the ITO substrate and immersion of the ITO
substrate in PEI solution (Fig. S4, ESIt). The results show the
presence of PEI on both surfaces, showing the chemical nature
of the surface adsorption of PEI The strong PEI signal is not
surprising since XPS is surface sensitive and usually observed
even when there is a small amount of PEI in the electrolyte.
Similar results was obtained in a separate study that involves
electrodeposition of Au with PEL>® Based on these observations,
constant-potential co-deposition is not only ineffective for
incorporating PEI to produce hybrid films, it also significantly
constrains the electrodeposition of Mo oxide through the
presence of PEI

In order to overcome the strong surface-passivation issue,
we introduce a controlled pulsed-electrodeposition (PED)
technique to achieve PEI incorporation. The PED technique
controls the potential or current swiftly between two different
values and it can be used to enhance the passage and distri-
bution of ions,***° and also provide removal/etching in the
reverse cycle.*"*> PED has demonstrated its ability to tune
hydrophilicity/hydrophobicity,”>**> expand the surface area
and increase the active sites for electrocatalysis.*>*>™*”

To utilize PED for the co-deposition of PEI, we need to
ascertain the electrochemistry of the PEI solution. Fig. 2a shows
the CV profiles of ITO in PEI electrolyte (0.25 wt% PEI in DI
water) for different potential ranges. Postulating that there will
be an anodic potential whereby PEI may be rejected from the
surface, we started with a narrow range of cyclic potential
between —1.5 and —1.1 V, and sequentially increased the cyclic
window from —1.5 to 0 V. It can be seen that there are no
cathodic or anodic peaks at potentials lower than —1.0 V (CV 1
and 2). However, redox peaks appeared as the potential was
increased to —0.9 V and remained visible in all cyclic potential
windows thereafter. We interpret this as the rejection potential,
whereby PEI is rejected from the surface at a potential higher
than —0.9 V. After the rejection, PEI can be re-introduced
onto the surface and the cyclic-rejection process is repeatable
as shown by the redox peaks. This repeatability enables us to

Mater. Adv., 2022, 3, 5510-5520 | 5513
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(a) Cyclic voltammetry measurement of PEI (0.25 wt%)-DI water solution. The potential window (vs. Ag/AgCl) is gradually increased towards

higher anodic potentials labelled from (1) to (6), to find the rejection potential of PEI. (b) Cyclic pulses used for the PEI-Mo oxide hybrid film deposition
across 3 different pulses with increasing rejection potential moving from Pulse A to Pulse C.

introduce PEI into the Mo oxide film via a cyclic process in
electrodeposition.

The protocol around designing the PED method based on
the CV profiles of PEI and molybdate solutions (Fig. 1a and 2a)
is straightforward. Potentials are selected in the range between
—0.9 and —1.4 V for three different variations of the pulse
recipe (A, B, and C), as shown schematically in Fig. 2b. The
holding potential (selected to be the rejection potential) is
different for each pulse recipe, while the deposition potential
is kept constant.

Using the modified PED method, PEI was successfully
incorporated into the hybrid films. The films are amorphous
in nature as determined via X-ray diffraction measurements
(Fig. S5, ESIt). The presence of PEI can be seen from the N 1s
peak at 398 + 0.2 eV.”*° The depth profile of the pulse-
deposited Mo oxide film without PEI is shown in Fig. 3a(i),
where only the Mo 3p signal can be observed. The presence of
PEI incorporation throughout the XPS depth profiling for the
PED of the hybrid film is shown in Fig. 3a(ii). The presence of
PEI is also affirmed via energy dispersive X-ray spectroscopy
(EDS) mapping (Fig. S6, ESIt), showing a homogenous distri-
bution in the amorphous film. The oxidation state of the
electrodeposited Mo oxide and hybrid films were examined
through the fitting of the XPS profile for the Mo 3d core-level
peaks as shown in Fig. 3b(i-iv). The binding energies of Mo 3d5,
, for Mo**, Mo®*, and Mo®" are fitted at 229.7 & 0.1 €V, 230.6 +
0.1 eV, and 231.85 + 0.1 eV, respectively.”’>® The percentage
contribution for each fitted chemical oxidation state is
shown in Fig. 3c. Firstly, the relative proportion of defective
film observed (Mo** and Mo®") is roughly similar between the
Mo oxide (70%) and the hybrid films using various pulsed-
deposition conditions (72%, 71%, and 66%). However, there
is a relative shift towards a larger proportion of Mo*" defects
for the hybrid film. We attribute this to the greater hindrance

5514 | Mater. Adv, 2022, 3, 5510-5520

brought about by PEI in the deposition solution that may
impede oxidation of the deposited film (according to eqn (2)).
Secondly, when a higher anodic rejection potential is used,
there is a slight trend towards reducing Mo** and increasing
Mo°®". This can be seen more clearly in Fig. 4a, where we
compare the surface scans of Mo 3d for the 3 pulses normalized
to Mo®". Relatively speaking, the decrease in the Mo** core-level
peak is clearly observed as the rejection potential shift towards
the anodic range from —1.15 V (Pulse A) to —0.9 V (Pulse C).
Fig. 4b shows the fitted ratio between Mo*" and Mo®" using the
Mo 3d core-level peak and the corresponding N 1s/Mo 3p core-
level peak. The ratios are derived from the fitted peak areas,
and an example of the fitted spectrum for N 1s/Mo 3p is shown
in Fig. S7 (ESIt). The fitted ratios show an increase in the
incorporated PEI content, accompanied by a reduction in the
Mo*" concentration.

The observation is consistent with our suggestion that the
more anodic rejection potential leads to a higher removal of PEI
from the surface or near-surface. The relative reduction of Mo**
when normalized against Mo®", in the overall film, also points
to preferential incorporation around Mo** sites (potentially
converting to Mo®*). The amount of PEI that can be incorpo-
rated with a higher anodic rejection pulse is also observed to
not proceed at an equal rate with the reduction of the Mo*'/
Mo®" ratio. The reason for this could be due to the higher
deposition rate with the increased rejection of PEI yielding
more Mo®" in film deposition. Overall, we identified Pulse B as
the ideal recipe for PEI incorporation for our purpose in
balancing the presence of Mo*', which is useful for CO,
sorption,®* and PEI incorporation. We also examined the effect
of PEI concentration using the saturating Pulse B recipe for
higher weight percentages of PEI, at 0.5, 1 and 3 wt% PEI
solutions. Interestingly, 0.25 wt% remains the highest loading
amount possible for film growth, whereby the increase in PEI

© 2022 The Author(s). Published by the Royal Society of Chemistry
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representative fitted Mo3d spectra.

concentration leads to a drastic reduction in Mo oxide growth,
as shown in Fig. 4c. The 0.25 wt% loaded solution produces
a film thickness of ~47 nm (the cross-section SEM result in
Fig. S8 in ESI,f shows a thickness of ~48 nm, while surface
profilometry shows ~46 nm), while using a higher wt% yields
little presence of Mo oxide, showing that the PEI impedes the
film growth, as supported by the corresponding Mo 3d core-
level peak insets in Fig. 4c. The thickness of the films with very
low thicknesses is estimated using overlayer attenuation of the
substrate (In 3d) signal (Section S9 in ESIt). This finding also
supports our earlier hypothesis that PEI in the deposition
solution can impede the electrodeposition of Mo oxide.
We also report that the same recipe (Pulse B) for a PEI-free
solution yielded a film thickness of ~37nm (as determined
using cross-sectional SEM). The larger thicknesses of the hybrid
film (~25%) can be explained through the incorporation of
PEI, and this corroborates well with the expected PEI concen-
tration (~30%) obtained via the fitted atomic concentration
percentage of PEI from the XPS plots. This also implies that the
rejection potential is adequate to remove the influence of the

© 2022 The Author(s). Published by the Royal Society of Chemistry

PEI, meaning that the deposition of Mo oxide can remain
similar for both the PEI and PEI-free solutions using the
modified pulse-deposition technique.

To further understand the preferential interaction of PEI
molecules with molybdenum oxide films, we studied the inter-
action of the PEI molecule with the surface of a Mo oxide using
first-principles calculations. This can be a good representation
of the deposition conditions whereby the molecule-surface
interaction approximates the reaction propensity when PEI is
near the oxide surface, which is a likely case during the pulse
deposition. In comparison, we examined 3 different configura-
tions as shown in Fig. 5b—d that represent interactions with the
stoichiometric (Mo®") and defect (Mo®" and Mo*") states. The
Mo*" and Mo®" defect states are represented by the formation
of an oxygen vacancy at the top and bridge site, respectively as
shown in Fig. S1 in ESL{ Fig. 5a shows the summarized
adsorption energies for the representative Mo*", Mo>" and
Mo®" surfaces. We observe the highest negative adsorption
energy for the PEI interaction with the Mo*" surface (—4.24 €V),
followed by that for the Mo®" surface (—3.13 eV). By contrast, the

Mater. Adv,, 2022, 3, 5510-5520 | 5515
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concentrations. The inset on the top left shows the Mo 3d spectrum for PEI concentrations of 0.5, 1 and 3 wt%, while the inset on the bottom right shows

the Mo 3d spectrum for the PEI concentration of 0.25 wt%.

PEI-Mo®" interaction yields the smallest negative adsorption
energy (—1.74 eV). The more negative adsorption energy indicates
a stronger interaction. As for the Mo*" surface, we observe the
formation of chemical bonds between nitrogen in PEI and the
surface Mo atoms near the defect from the optimized atomic
structure (Fig. 5d). The stronger interaction between PEI and the
Mo oxide with Mo*" is further confirmed by the more pronounced
charge density redistribution, as shown in Fig. 5d, where the
charge redistribution extended to neighboring C-atoms. These
findings here support Mo*" as preferential sites for PEI interaction
and explain well the relative reduction of the Mo*" signal when a
higher PEI amount is incorporated, which is in agreement with
our experimental observations. The results therefore show a facile
method for incorporating a non-conductive polymer via a mod-
ified pulsed-electrodeposition method. This has been elusive from
previous available reports using electrodeposition. Our introduced
method only requires pre-deposition test in ascertaining the
rejection potential for the polymer before proceeding with the
pulse recipe to produce the hybrid film.

3.3. The effect of PEI on CO, sorption

PEI is a well-studied material for CO, capture. The common
method for using PEI in sorption is through incorporation
into a porous powder, e.g., with silica, to boost its sorption

5516 | Mater. Adv,, 2022, 3, 5510-5520

capacity.”” This is attractive as PEI is expected to have strong
chemical bonds with CO, and is a cost-effective polymer. This
becomes especially relevant when we are looking at capturing
dilute concentrations of CO,, including direct air capture. Here,
we examine the performance of the hybrid PEI-Mo oxide
film using a room-temperature volumetric CO, adsorption
approach.’*>® The supported thin-film performance is accom-
plished via the sorption isotherm in a CO, environment. Fig. 6a
shows measurements for the hybrid PEI-Mo oxide film and the
pulsed-electrodeposition Mo oxide film (without PEI), after
accounting for the sorption on the bare ITO substrate.
Sorption quantities are shown in absolute amounts (umol)
at different pressures, and all the isotherms were recorded at
ambient temperature. The sorption quantities under ambient
conditions (760 mmHg) are an important consideration for
direct air capture. The Mo-PEI film shows a good average
performance at 1.61 pmol for the hybrid film, compared with
0.57 pmol for Mo oxide under ambient conditions. It is inter-
esting to see that the PEI-incorporated film yields close to a
3 times increase in performance under ambient conditions for
the sorption quantity. From a materials perspective (taking into
account the thin-film mass only), the Mo oxide yields a capacity
of 27.4 mmol g~ '. For the hybrid film, an estimation of the
mass of the thin film was done by taking the known density

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Interaction between the PElI molecule and the MoOs (001) surface with/without defects. (a) Summary of the adsorption energy for PEl on the

MoOj3 surface without defects (Mo®*), and with a surface oxygen vacancy at the bridge site (Mo®*) and the top site (Mo**), respectively. The atomic
structure (side view) superimposed with the charge density redistribution for PEI on the MoOj3 (001) surface (b) without defects, (c) with a Mo®* defect,
and (d) with a Mo** defect, where the location of the oxygen vacancy is indicated by the dashed circle. The charge density redistribution is visualized
using an iso-surface value of 1.0 x 10~* e A= in which the green and blue areas denote charge accumulation and depletion, respectively.

values of molybdenum trioxide (4.69 g cm™?) and PEI (1.03 g cm ).
The contributed density is assumed to be proportional to the fitted
atomic concentration percentage of PEI in the film (~30%).
Considering this, we achieved a remarkably high result of
79.7 mmol g~ at 760 mm Hg ', compared with the range of
values reported in the literature (~1-11 mmol g~'; refer to
Table S10 in ESIt for more details). The increase in perfor-
mance with PEI addition can be attributed to the enhanced
morphological structure. Fig. 6b and c show the surface mor-
phology of the pulse-electrodeposited Mo oxide and hybrid
PEI-Mo oxide film, respectively. The pulsed addition of PEI
resulted in a reduction of the grain sizes of the film, and this
can be attributed to the role of PEI acting as a surfactant in the

© 2022 The Author(s). Published by the Royal Society of Chemistry

electrodeposition process.’”*® The PEI reduces the surface

tension at the interfaces of the Mo oxide films and has the
effect of stabilizing smaller particles or grain sizes during the
electrodeposition. The difference in microstructure is shown in
the cartoon in Fig. 6(d). The smaller grain sizes can provide a
higher surface area, and the presence of PEI between the grains
can also improve the diffusion and reaction of CO, with the
oxide film, thereby showing enhancement as a hybrid material.

We believe that the results reported here have some implica-
tions for understanding the sorption of CO, for solid sorbents.
If we take every one amino group in PEI to react with one CO,
molecule,">*” this yields a theoretical maximum efficacy of
23 mmol g ! for PEL As it is not expected that PEI will have a

Mater. Adv., 2022, 3, 5510-5520 | 5517
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(a) CO; sorption isotherms of pulse-deposited Mo oxide and pulse-deposited hybrid PEI-Mo oxide thin film. This absolute sorption quantity is

obtained by subtracting the bare ITO substrate that was used as the control sample. (b) SEM micrograph showing the surface morphology of the pulse-
deposited Mo oxide thin film. (C) SEM micrograph showing the surface morphology of the pulse-deposited hybrid PEI-Mo oxide film on the ITO
substrate. (d) Schematic illustrating the potential effect of PEI on the microstructure of the electrodeposited films.

fundamentally different sorption potential in a thin film structure
(refer to discussion in section S11 in ESI}), this shows that the
bigger role played by PEI may be in influencing the microstructure
of the thin film, as we have mentioned, via acting as a surfactant.
What is useful is that apart from having a purely surfactant role,
PEI itself has a relatively high sorption potential and this makes
the combination particularly attractive. The second inference is
that PEI acting as a surfactant will tend to reside between the
grains. Such a hybrid configuration is useful. Not only does it
increase the surface area of Mo oxide as a sorbent material but it
also potentially provides pathways for CO, diffusion into the film,
contributing to the higher performance recorded. This shows that,
for solid sorbents, the gas-diffusion pathways and accessibility are
critically important and may be the limiting step in the sorption
efficacy of solid sorbents. This further strengthens the role
of nanomaterials as solid sorbents and potentially the role of
thin-film coatings in reducing the physical pathways for the gas
diffusion.

In summary, we have shown for the first time in this work
that it is possible to electrodeposit a hybrid film that involves a
non-conducting polymer. We demonstrated this using modi-
fied PED to yield a hybrid PEI-Mo oxide film. The thin-film
approach used in this work enables us to investigate the control
of PEI incorporation and showed the relative propensity of PEI

5518 | Mater. Adv., 2022, 3, 5510-5520

to be incorporated at Mo*" defect sites, which is concurrently
supported by first-principles calculations. Overall, we find that
incorporating PEI in Mo oxide as a hybrid enables the use of
PEI as an effective surfactant that enhances the microstructure
of the film, and potentially provides better diffusion pathways.
In addition, the PEI surfactant also provides an active sorption
capacity, making it ideal in this hybrid approach. This results
in an almost 3-fold improvement in the sorption capacity
observed, yielding an excellent value of ~79.7 mmol g .
We believe this work opens up further exploration of the use
of non-conducting polymers via electrodeposition and the vast
potential for the synergistic use of PEI as a hybrid material for
solid sorbents.
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