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Abstract

Graphene-based electrodes have been extensively investigated for supercapacitor applications.
However, their ion diffusion efficiency is often hindered by the graphene restacking phenomenon.
Even though holey graphene (hG) is fabricated to address this issue by providing ion transport
channels, those channels could still be blocked by densely stacked graphene nanosheets. To tackle
this challenge, this research aims at improving the ion diffusion efficiency of microwave-
synthesized hG films by tuning the water interlayer spacer towards the improved supercapacitor
performance. By controlling the vacuum filtration during graphene-based electrode fabrication,
we obtain dry films with dense packing and wet films with sparse packing. The SEM images reveal
that 20 times larger interlayer distance is constructed in the wet film compared to that in the dry
counterpart. The hG wet film delivers a specific capacitance of 239 F g~!, ~82% enhancement over
the dry film (131 F g~ !). By an integrated experimental and computational study, we quantitatively
show that the interlayer spacing in combination with the nanoholes in the basal plane dominates

the ion diffusion rate in hG-based electrodes. Our study concludes that novel hierarchical
structures should be further considered even in hG thin films to fully exploit the superior

advantages of graphene-based supercapacitors.

1. Introduction

In recent years, supercapacitors have drawn extens-
ive attention as potential energy storage devices
and power sources for a wide range of applica-
tions, including consumer electronics [1], grid power
buffer [2], energy harvesting [3], medical devices [4],
transportation [5], and more. Supercapacitors typic-
ally consist of two electrodes sandwiching one ion-
exchange separator, while all these components are
immersed in electrolyte solution. When supercapacit-
ors are charged, electrical energy can be stored by sep-
arating electrolyte ions and forming the Helmholtz
double layer [6]. The performance of supercapacit-
ors strongly depends on three factors: the velocity of
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electrolyte ion moving within the device, the rate of
ion-electron charge transfer at the electrode interface,
and the number of ions absorbed on the electrode.
Thus, ideal electrode materials should have proper-
ties favoring these processes, such as high electrical
conductivity [7], high ion mobility [8], good elec-
trochemical activity and large ion-accessible surface
area [9].

Graphene has emerged as a potential candid-
ate electrode material because of its high elec-
trical conductivity (10*~10° S m™!) [10], superior
electrochemical activity [11] and large specific sur-
face area (2630 m? g~ 1) [12]. To date, graphene-based
supercapacitors have demonstrated great electro-
chemical performance [13-15]. However, further
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development of graphene-based supercapacitors is
limited by an intrinsic issue: graphene restacking.
Specifically, graphene flakes tend to stack together
[16] when they are fabricated into electrodes, block-
ing the transportation of ions and molecules and
thereby leading to sluggish diffusion kinetics [17].
This could be even worse when graphene is densely
assembled [16] to maximize volumetric energy stor-
age capacity. Therefore, how to accelerate ion diffu-
sion in graphene electrodes becomes a key. To address
this issue, previous studies have proposed creating
nanoholes on the graphene basal plane to improve the
ion diffusion [18-20]. The resulting material, named
holey graphene (hG), can facilitate ions travelling
through the electrodes with abundant mass transport
channels [21] provided by the nanoholes. In addi-
tion, the carbon atoms around the nanoholes become
electrochemically active edge sites [22, 23]. As a res-
ult, hG-based supercapacitors achieved ultrahigh spe-
cific capacitance of 298 F g_1 [17, 18], representing an
improvement of 50% compared to intact graphene-
based counterparts. As increasing specific capacitance
is reported in research, it is important to develop syn-
thesis processes to manufacture hG at scale.

In a prior study [24], our group developed
a scalable hG synthesis method using hydrogen
peroxide (H,O;) to etch graphene oxide (GO)
under microwave, which reduces the processing time
from hour-scale to minute-scale. Following the same
method, we selected the optimized etching condi-
tion to manufacture pure hG-based supercapacit-
ors. However, the restacking of hG flakes is still a
critical issue in our hG-based supercapacitor which
hinders the further improvement of its performance.
This agrees with existing research that only when 3D
hierarchical structure in hG electrode is constructed
and interlayer spacing is introduced, higher capacit-
ive performance can be obtained. For example, hG-
based composite [25], aerogel [26], hydrogel [27], 3D
network [28] and framework [17], fiber [29], etc, have
been studied recently, demonstrating superior energy
storage capability.

In this study, to further reveal the impact of the
interlayer spacing on hG-based supercapacitors, we
have fabricated hG electrodes with a simple and con-
trollable 3D structure. By controlling the vacuum
filtration process, we obtain hG dry films with a
small interlayer distance, and wet films with a large
interlayer distance using water residue as the inter-
layer spacer. Studying their performance side-by-side,
the hG wet film delivers a specific capacitance of
239 F ¢!, about 82% enhancement compared to hG
dry film of 131 F g~ ! due to the enlarged interlayer
spacing. In addition to the interlayer spacing, nan-
oholes on the basal plane of hG flakes also contrib-
ute to significant performance enhancement, e.g. a
98% capacitance increase of hG wet film over the rGO
wet film without nanoholes. Therefore, our study
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confirmed that nanoholes and interlayer spacing have
a synergetic effect on improving the performance of
hG-based supercapacitors. We quantify the impact of
each factor, through experimental measurements and
density functional theory (DFT) calculations.

2. Experimental section

2.1. Fabrication of holey graphene

The full details of hG preparation can be found in our
previous work [24]. The GO water dispersion (GO,
0.4 wt%) is a product of Graphenea. All other chemic-
als are purchased from Sigma-Aldrich. Briefly, to pre-
pare hG, 1 mg ml~! GO solution (6 ml) was etched
in a microwave reactor (Anton Paar Monowave 400,
2.45 GHz) at a constant power of 50 W for 180 s. After
cooling, 0.75 ml H,0, (30%) was added, followed by
another microwave etching at 50 W for 180 s. The res-
ulting holey graphene oxide (hGO) solution was cent-
rifuged at 12 000 rpm for 30 min and the precipitation
was re-dispersed to form hGO aqueous solution, at a
concentration of 0.25 mg/mL. Next, to reduce hGO,
24 ml solution was mixed homogeneously with 20 ul
hydrazine solution (N,Hy, 35 wt% in water) and 80 ul
of ammonia solution (NHj, 28 wt% in water), then
it was put into a water bath (~90 °C) for 1 h. The
hydrothermal reduction method refers to this prior
work[30]. After reduction, reduced holey GO (rhGO)
solution is obtained. The control group reduced GO
(rGO) solution, was also prepared without etching
process but the same hydrothermal treatment.

2.2. Preparation of holey graphene thin film

The thin film is prepared by vacuum filtration
from 10 ml rhGO solution through a cellulose filter
(0.45 pm pore size, 15 mm; Whatman). The diameter
of the round-shape film is around 15 mm. On the one
hand, the dry film was prepared by complete vacuum
filtration without visible water remaining, then the
paper-like dry film was kept in air. The average mass
of a dry film is around 1 mg, so the mass loading of
rhGO electrode is 0.565 mg c¢cm™2. On the other hand,
to prepare the wet film, the vacuum filtration pro-
cess was controlled to leave a certain amount of resid-
ual water in the film. Then the resulting hydrogel-like
film was immersed in 1 M H,SOy for ion exchange,
since the H,SO, was used as the electrolyte for super-
capacitors herein. In addition to dry film and wet film,
freeze-dry (FD) film was also prepared for compar-
ison. To prepare a FD film, a wet film is freeze-dried
for 24 h by Millrock Technology BT-48 Freeze Dryer.
The FD film is kept in air.

2.3. Electrochemical measurements

The electrochemical tests were carried out on a CH
Instruments 660 E workstation in ambient condi-
tion. The two-electrode assembly setup included two
titanium (Grade 2 Titanium Shim Stock, 0.005” thick;
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McMaster-Carr) electrodes and a cellulose filter (also
used during vacuum filtration) as the membrane.
After being immersed in the electrolyte solution (1M
H,SO,) overnight for ion exchange, a pair of rhGO
films (dry, wet or FD) were loading into this setup,
separated by the membrane.

The scan windows of both cyclic voltammetry
(CV) and galvanostatic charge/discharge (GCD)
measurements were 0 V to 1 V. The equations to
calculate specific capacitance Cs:

Ceom 2IAt (GCD)
ST mAV
~ Jivdv
umAV

, (cv).

GCD: where I is the constant current, m is the
mass of the active material, AV is the voltage range,
and At is the time duration of discharge. CV: where
i is the instant current, v is the voltage, m is the mass
of the active material, AV is the voltage range, and
is the scan rate.

Electrochemical impedance spectroscopy (EIS)
was performed at the open-circuit voltage from
1 MHz to 1 Hz.

2.4. Characterization

The morphology of rhGO nanosheet was character-
ized by transmission electron microscope (TEM, FEI
Titan, 300/80) at 300 kV. The chemical information
of thGO was characterized by x-ray Photoelectron
Spectroscopy (XPS, Krator Axis Supra +). The
Raman data were collected using a 150 mW Coherent
Sapphire SF laser with a 532 nm laser wavelength.
The morphology of rhGO thin film was character-
ized by field emission scanning electron microscope
(SEM, Zeiss Auriga) and FEI Quanta-FEG 250 field-
emission SEM at 10 kV.

2.5. Diffusion model

To calculate the energy barrier for hydrogen ion dif-
fusion and evaluate the effects of interlayer distance
on it, we considered two diffusion modes for a hydro-
gen ion moving between two hG layers with 176 car-
bon atoms in total: moving from the center of one
nanohole to the center of the other nanohole and
moving horizontally in the middle plane between
two hG layers. We studied three distances for each
mode: 7.4 A, 11.1 A, and 14.8 A. The Vienna Ab initio
Simulation Package (VASP) [31, 32] was applied with
the exchange-correlation functional under the gener-
alized gradient approximation and parameterized by
Perdew, Burke, and Ernzerhof [33]. We also used a
cutoff energy of 550 eV and the projector augmen-
ted wave potentials [34]. Furthermore, the climb-
ing image method [35] modified from the nudged
elastic band and dispersion correction with Becke—
Johnson damping function [36] in VASP were utilized
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to obtain the energy barrier and minimum energy
path (MEP).

3. Results and discussion

3.1. Fabrication of holey graphene

To fabricate hG at scale we employ the method pre-
viously reported by our group (the mechanisms are
illustrated in figure 1(a). More details in experimental
section). This method uses a two-step microwave
process including pretreatment and etching. The
first step is pretreatment, during which GO flakes
are exposed to incident microwave radiation at a
constant power. The microwave radiation initiates
intense dipole vibration of oxygen-containing func-
tional groups on GO basal plane. As intensive dipole
vibration proceeds, those relatively weak chemical
bonds will break, so that functional groups and adja-
cent atoms on GO are partially removed from the lat-
tice, leaving vacancies in situ. As a result, pretreat-
ment significantly introduces defects into GO lat-
tice. The second step is etching, during which hydro-
gen peroxide (H,0;) is added, then the solution is
again exposed to microwave at a constant power.
Under microwave radiation, the H,O, molecules
interact with GO sheets and remove carbon atoms,
especially those edge-site atoms around vacancies
as they are more chemically active. As this etch-
ing reaction repeats, the repeating removal of car-
bon atoms eventually generates nanoholes on GO
basal plane. The high efficiency of our hG manu-
facturing method is attributed to the in-situ heat-
ing generated by microwave radiation. To be spe-
cific, the energy of microwave directly acts on GO-
etchant interface, activating violent movement of
dipoles and electrons and interaction between GO
and H,0, molecules, thus promoting etching reac-
tion. We have also studied the selective heating effect
of microwave (supporting materials, figure S1). More
details about the manufacturing process and mechan-
isms can be found in our prior study[37]. Note that
although the method used herein is relying on a lab-
scale microwave reactor, this process can be poten-
tially scale-up for mass production through specific-
ally designed microwave instruments with continu-
ous processing capability [38—40].

To characterize the morphology of our hG, we
use TEM to reveal the evolution from graphene
(figure 1(b)) to hG (figure 1(c)). The hG shows mul-
tiple nanoholes of 10-30 nm size on the nanoflake,
while no nanohole can be found on the graphene
in our TEM image. Besides, the surface of graphene
flake appears flattened with grey strips formed due
to the flake stacking onto thicker sections. However,
the surface of hG flake is relatively rugged. These
TEM images confirm that hG is successfully fabric-
ated through our manufacturing method.
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The XPS spectra present the elemental content
and chemical bonding information of GO, hGO,
rhGO and rGO. First of all, the survey scan results
(figure 1(d)) reveal that the major components are C
and O with 1 s peak at 284 eV and 532 eV, respect-
ively. Furthermore, by peak fitting we calculate that
the initial material GO has the lowest C/O atomic
ratio of 2.27:1, containing most oxygen atoms. After
pretreatment and etching process, hGO has a higher
ratio of 2.63:1, suggesting partial removal of oxy-
gen atoms and possible formation of nanoholes. We
can also infer that the microwave radiation intens-
ively interacts with those oxygen-containing groups
or atoms near oxygen, so oxygen atoms are prefer-
entially removed. After following the reduction pro-
cess, thGO has the highest ratio of 4.76:1, contain-
ing least oxygen atoms. This suggests further removal
of oxygen atoms, which agrees with the mechan-
isms for GO reduction [41]. For comparison, rGO
has a ratio of 3.98:1, which is much higher than GO
but lower than rhGO. This comparison again veri-
fies the oxygen-removal effect of pretreatment and
etching. In addition, the high-resolution XPS spectra
of C 1 s region (figure 1(e)) reveal that C-O bonds
with binding energy at 287 eV are clearly present
in GO and hGO. However, the signal of C-O bond
almost disappears after reduction, while the C-C
bond signal at 284 eV remains for rGO and rhGO.
The significant decrease of C—O bond indicates that
oxygen-containing groups are greatly removed, which
agrees with the results of survey scan. In conclu-
sion, the increasing C/O ratio from GO to rhGO
confirms that the pretreatment and etching process

create nanoholes on GO sheets by removing oxygen-
containing groups preferentially, then the reduction
process further removes oxygen atoms to reduce hGO
into rhGO.

The Raman spectra in figure 1(f) present vibra-
tional modes of GO, hGO, rhGO and rGO. The
intensity ratio (Ip/Ig) of D band (centered at
1333 cm™!) to G band (centered at 1593 cm™!) is cal-
culated, which indicates the degree of disorder[42].
Initially GO has the lowest Ip/I ratio of 1.06:1, sug-
gesting low density of defect on GO basal plane. After
pretreatment and etching process, hGO has a higher
ratio of 1.24:1, suggesting small number of defects
are introduced onto GO. As mentioned earlier, these
defects primarily result from the removal of oxygen-
contain groups and adjacent atoms on GO. After
reduction, rhGO has the highest ratio of 1.55:1, sug-
gesting high degree of disorder and high density of
defects. This increasing trend of Ip/I indicates fur-
ther removal of atoms on GO thus in-situ vacan-
cies, consistent with the results of XPS. As the con-
trol group, rGO has a ratio of 1.39:1, higher than GO
but lower than rhGO. Other than D peak and G peak,
the 2D peak in these spectra becomes weaker after
processing, suggesting stacking of graphene flakes and
formation of multilayer aggregation. In conclusion,
both etching and reduction process will remove atoms
from GO, distort the lattice and leave vacancies in situ
with dangling bonds, therefore increasing the degree
of disorder. This agrees with the conclusion from
XPS results. The trend of the C/O atomic ratio and
Ip/Ig intensity ratio are summarized as figure 1(g).
Similar Raman results were also reported in prior
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Figure 2. The electrochemical measurements of holey graphene dry film (a)—(c) and wet film (d)—(f). The film is prepared by
complete vacuum filtration (dry film) or controlled vacuum filtration (wet film). (a), (d) CV curves at a scan rate of 50 mV s,
scan window from 1 V to 0 V. (b), (e) GCD curves at a current density of 1 A g~'. (c), (f) Nyquist plot, frequency range from
0.1 Hz to 100 kHz. The inset is the equivalent circuit, Randles circuit. (g)—(i) The performance decay under different scan rate in
CV. The electrolyte is 1 M H,SO4.

works [19, 24, 43]. Combining the characterization
results of TEM, XPS and Raman, the effects of our hG
manufacturing method is proven effective.

3.2. Electrochemical measurements

To evaluate the performance of our hG films in super-
capacitors, we carried out electrochemical measure-
ments, results shown in figure 2. For the dry film
(figures 2(a)—(c)), the CV curves (figure 2(a)) of hG
and G are similar in shape, while the parallelogram
of hG has a larger loop area. Because the enclosed
area of the CV curve is proportional to the capacit-
ance, clearly hG film has a larger specific capacit-
ance. The GCD curves (figure 2(b)) reveal a signi-
ficant increase of discharging time for hG film, thus
a significant increase of capacitance over graphene
film. The specific capacitance of hG dry film is cal-
culated to be 131 F g_l, about 79% of enhancement
compared to the G control group, 73 F g~!. To study
the kinetic process of ion diffusion in the hG super-
capacitor during charge and discharge, Nyquist plots
(figure 2(c)) are obtained from EIS measurements.
In the high frequency region, the radius of the semi-
circle is proportional to the charge transfer resistance

(Rcr) at the electrode/electrolyte interface. And in
the low frequency region, the slope of the approx-
imate linear section is inversely proportional to the
Warburg resistance (W), which determines the bulk
diffusion rate. By extrapolating the linear section of
the plots to the real axis, both graphene film and
hG film show a similar Rcp around 4.5 €2, which
suggests similar charge transfer rate at the interface.
However, the plot of hG has a larger slope in the low
frequency region, indicating lower W, namely, larger
ion diffusivity. The inset in figure 2(c) is the modified
Randles [44] equivalent circuit, consisting of equival-
ent series resistance (Rs), Rcr, a constant phase ele-
ment due to the limit capacitance (CPEL), another
constant phase element due to the double-layer capa-
citance (CPEpy ), and Warburg impedance. Following
the same method (details in supporting materials) in
our previous study [24], we calculate that the diffus-
ivity in hG film is 8.86 x 10~'? cm? s ™!, slightly larger
than the value in control group 7.79 x 107'? cm? s~ 1.
Comparing the diffusivity, we find out that although
the ion diffusion rate increases with the presence of
nanoholes, the increase in dry films is not as much as
we expected.
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Table 1. The specific capacitance of graphene/holey graphene
dry/wet film and corresponding improvement resulting from
pores in holey graphene or/and interlayer spacing in wet film.

1% by
Dry Film Wet Film Spacing
rGO 73Fg! 121Fg™t  66%
rhGO 131Fg™!  239Fg™!  82%
1% by Pore  79% 98% 227%
(combined)

Next, we tested the wet film and obtained com-
parable results (figures 2(d)—(f)). Similar trends are
found in CV curves, GCD curves and Nyquist plots.
In specific, the CV curves (figure 2(d)) of hG almost
has a rectangle shape, with a much larger enclosed
area compared to the control group. The GCD curves
(figure 2(e)) show sharply increasing discharging
time for hG film. As a result, the specific capacitance
of hG wet film is calculated tobe 239 F g~ 1 about 98%
enhancement compared to 121 Fg~! from the control
group. Moreover, comparing hG wet film to hG dry
film, there is also an enhancement of 82% (239:131,
F g7 !). The values of specific capacitance and cor-
responding improvement rate resulting from pores in
hG or spacing in wet film are summarized in table 1.
The Nyquist plots (figure 2(f)) indicate that hG film
has a Rer of 1.0 €, only 30% compared to 3.5 2
from the control group, so the hG film has a much
faster charge transfer rate at the electrode/electrolyte
interface. This improvement is attributed to nano-
holes that form the additional ion-transport chan-
nels, and these channels could be more effective when
immersed in water. In addition, the plot of hG also
has a larger slope in the low frequency region, thus
resulting in larger ion diffusivity. The diffusivity in
hG wet film is calculated to be 1.33 x 10~ cm? s !,
which is two orders of magnitude higher than that
in graphene wet film (7.77 x 107! cm? s7!), and
three orders of magnitude higher than that in dry film
(~8 x 107!2 cm? s~ 1). In summary, the specific capa-
citance and ion diffusivity benefit from two factors
simultaneously: nanoholes in hG and water-filled wet
film.

Furthermore, we summarize some recent pro-
gress in hG-based supercapacitors in table 2. In com-
parison to hG supercapacitors constructed by mixed
slurry pasted on current collector [45] or rod-coating
layer [46] on current collectors (no evident inter-
layer spacer present), our hG wet films exhibit better
capacitive performance. However, when compared
to those supercapacitors with assembled 3D struc-
tures, e.g. nanofiber composite prepared by vacuum
filtering [47], GO/cellulose nanofiber films prepared
by filtering [48], or chitosan/GO hybrid hydrogel pre-
pared by hydrothermal method [49], our hG wet
films exhibit deficient performance. But it is note-
worthy that the fabrication process for our hG wet
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Table 2. Comparing the electrode structure, electrochemical
performance and processing time to fabricate hG (key steps only)
between our hG thin films and other supercapacitors recently
reported.

Specific Energy Processing
Electrode capacitance  density time from
structure Cs (F g_l) (Wh kg_l) GO to hG
hG wet film 239 33.2 6min+1h
hG paste [45] 231.4 22 2h+12h
hG coating 111.1 NA 30min+ 1h
[46]
Composite 237.9 45 4h+8h
network [47]
hG/cellulose 323 NA 4.5h
nanofiber
film [48]
Hybrid 377 31 4h

hydrogel [49]

films is relatively time-efficient and cost-efficient.
Meanwhile, the all-carbon electrodes could render
long-term stability for multiple charging cycles. More
studies on hG-based supercapacitors can be found in
our review paper [50] for comparison.

In conclusion, hG film shows significant improve-
ments in electrochemical performance over graphene
film. However, the improvement of dry film is not
as much as that of wet film. This result suggests that
the restacking issue still occurs in hG electrode. One
proof is that the specific capacitance of hG could be
as low as 61 F g~! when mass loading is high[51].
To further verify the effects of water in wet film, we
measured the capacitive performance under differ-
ent scan rate (figures 2(g)—(i)). Figure 2(g) shows the
specific capacitance of rGO dry/wet film and rhGO
dry/wet film at scan rates of 0.01 V s~!, 0.05 V s~!
and 0.2 V s™1, respectively. Although all four curves
exhibit a decreasing trend as the scan rate increases,
the two curves of rGO wet film and rhGO wet
film decay slowly, retaining 73% and 74% of spe-
cific capacitance, respectively. Meanwhile, the rGO
dry film and rhGO dry film only retain 50% and
57% of specific capacitance, respectively. The cor-
responding CV curves (figures 2(h)—(i)) at scan rate
of 0.01 V s ! are close to ideal rectangle shape. As
scan rate increases, the CV curves of rhGO dry film
(figure 2(g)) become skewed, while the curves of wet
film (figure 2(i)) approximately maintain the rect-
angle shape. The slower performance decay of wet
film is attributed to the faster ion diffusion in the elec-
trodes filled with water solution. Therefore, wet films
have better overall electrochemical performance over
dry films.

3.3. Dry film and wet film

To explain the improvements for hG wet film and
understand the effects of water, we hypothesize that
the residual water acts as spacer to increase the
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Figure 3. SEM images of cross-section from(a) dry film and (c) wet film. Insets are the photographs of each corresponding
sample. Diagrams (perspective view and side view) of (b) densely packing holey graphene film and (d) sparsely packing holey
graphene film. The huge difference of interlayer distance results in two totally different ion diffusion behaviors.
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interlayer distance between graphene flakes. As water
fills the multilayer hG film, the interlayer spacing
expands. As a result, the pathways between two adja-
cent layers will be broadened so that those in-plane
nanoholes can link to each other through the path-
ways and form interconnected ion transport chan-
nels. Therefore, ions can travel through the multilayer
film faster, which means larger ion diffusion rate in
hG wet film, so the electrochemical performance of
hG-based supercapacitor is improved. To verify our
hypothesis, we use SEM to reveal the cross-sectional
morphology of dry film and wet film, then abstract
out the images as schematic diagrams, as demon-
strated in figure 3.

The SEM images demonstrate the multilayer
microstructure of hG film. The dry film (figure 3(a))
has a thickness of 2 pum, while the wet film
(figure 3(c)) has a thickness of 45 pm, which is 22
times larger than the former one. This implies a huge
difference in interlayer distance inside the multilayer
hG film, because both dry film and wet film are pre-
pared from the same amount of hG material and have
the same lateral size of 15 mm. The huge thickness
difference between dry film and wet film supports our
hypothesis, because the wet film has larger interlayer
distance to facilitate ion diffusion between two adja-
cent hG layers. In addition to faster ion diffusion rate,
the thick wet film with large interlayer spacing also
provides more space to hold ions during charging,
thus increasing the capacitance. To visually display
the dry film and wet film, the photographs of each
are shown as insets. The dry film is thin, smooth
and paper-like, while the wet film is thick, rough and
sponge-like.

Basing on our hypothesis and the SEM images,
we summarize the ion diffusion process in dry film
(figure 3(b)) and wet film (figure 3(d)) as schematic

diagrams. First of all, residual water in wet film fills
the multilayer film as interlayer spacer, expanding the
interlayer distance to over 20 times compared to dry
film. As a result, in-plane nanoholes and interlayer
spacing will have a synergetic effect. While nanoholes
generate ion transport channels, expanded interlayer
spacing allows those channels to link to each other,
forming interconnected channels that can penetrate
all the way through the film, therefore accelerating
ion diffusion in hG wet film. Without adequate inter-
layer spacing (figure 3(b)), the ion transport chan-
nels will be blocked by densely stacked graphene
sheets. Consequently, those nanoholes are isolated
and ion diffusion path is generally confined on the
surface. In conclusion, we propose the mechanism
that is based on the synergetic effect of nanoholes
and interlayer spacing. For hG wet film, water acts
as spacer, constructs effective ion transport chan-
nels, and thus accelerates ion diffusion. This pro-
posed mechanism explains the observed performance
improvements and is consist with SEM images.

To further verify our hypothesis, FD hG film was
also prepared then characterized by EIS measure-
ments and SEM. The Nyquist plots of hG dry, wet and
FD film are shown in figure 4(a). The radius of semi-
circle for FD film is close to that for wet film while
much smaller than that for dry film, which means the
charge transfer rate on the interface of FD film is as
high as it on the wet film. Similarly, we calculate the
ion diffusivity from the slope of linear section. The
diffusivity in FD film is 1.34 x 107!! cm? s™1, lar-
ger than that in dry film (8.86 x 1072 cm? s—!) but
two orders of magnitude smaller than that in wet film
(1.33 x 1072 cm? s™!). This result suggests the FD
film has intermediate ion diffusion rate among three
types of hG film, which implies it has multilayer struc-
ture with intermediate interlayer distance.




2D Mater. 0 (2024) XXXXXX

KBietal

8
A | — hGO Dry
—— thGO FD
6F—— thGO Wet

f

-Z" (Ohm)

551

10 pm

Freezing

Figure 4. (a) Nyquist plots of holey graphene dry/wet/freeze-dry film. High resolution SEM images of dry (b)/wet (c)/freeze-dry
(d) film. (e) The diagrammatic illustration of freeze-drying process and the formation of porous freeze-dry film.

Partially stacked sheets
(Freeze-dry film)
= - ~

Sublimation

Further observation on cross-sectional SEM
images has been conducted to compare the interlayer
distance in FD hG film to dry and wet hG films. The
high-resolution image of dry film in figure 4(b) dis-
plays a large gap among graphene layers and uneven
staking of graphene. Nevertheless, no such a gap can
be found in wet film (figure 4(c)), and most layers
stack parallel to each other evenly. This observation
illustrates the effects of residual water, that water
fills the multilayer hG film to expand the interlayer
spacing and forms more uniform structure, avoid-
ing critical restacking issue during vacuum filtration.
For comparison, the cross-sectional SEM image of
FD film in figure 4(d) shows the thickness is 25 pm,
which is much larger than 2 ym (dry film) but smal-
ler than 45 pum (wet film). This result makes sense
because FD film is prepared from wet film through
freeze-drying process, during which residual water
freezes then sublimates, as illustrated in figure 4(e).
The interlayer spacing originally sustained by water
will unevenly shrink during freeze-drying. As a res-
ult, hG film with intermediate interlayer distance will
be formed, meanwhile large pores and uneven stack-
ing will be generated irregularly. In the end, the ion
transport channels mentioned earlier will partially be
blocked by irregular stacking of graphene. Basing on
above Nyquist plots and SEM images, we are able to
further verify our hypothesis, that larger interlayer
distance can facilitate ion diffusion in hG film and
improve hG-based supercapacitor.

We also perform N, adsorption and desorption
measurements (figure S3) to determine the specific
surface area (SSA) of hG dry film and FD film,
confirming that FD film has much larger SSA than
dry film. This is attributed to less stacking and
more porous structure inside FD film (as shown in
figure 4), which has larger interlayer spacing over dry
film.

3.4. Diffusion model

In addition to the experimental study, we use DFT
models to evaluate the effects of interlayer spacing
and quantify the relationship between interlayer dis-
tance and energy barrier for ion diffusion. We set a
symmetrical two-layer configuration of hG, as shown
in figures 5(a) and (c). This configuration consists of
two layers of hG, and each layer has one nanohole
that contains 10 atomic vacancies, with total diameter
ranging from 6.29 to 9.88 A. In this configuration,
we consider two modes of movement for a hydrogen
ion, that is, hole-to-hole movement (figure 5(a)) and
horizontal movement in the middle plane between
two layers (figure 5(c)). To quantify the effects of
interlayer distance on the energy barrier for diffusion,
distances of 7.4 A, 11.1 A, and 14.8 A are studied in
each mode.

The energy barrier for hole-to-hole movement
under different interlayer distance (figure 5(b)) is
calculated by the climbing image method. In this
model, a hydrogen ion moves from the initial position
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horizontal movement under three different interlayer distance.

Figure 5. DFT models of ion movement in holey graphene and corresponding energy curves. (a) Hole-to-hole movement of
hydrogen ion. (b) Energy barrier for diffusion and minimum energy path of hole-to-hole movement under three different
interlayer distance. (c) Horizontal movement of hydrogen ion. (d) Energy barrier for diffusion and minimum energy path of
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where is the center of the first nanohole, toward the
final position where is the center of the other nan-
ohole. Since the path length of hole-to-hole move-
ment changes with interlayer distance, the reac-
tion coordinate is normalized for comparison. The
three energy curves reveal that the hG configura-
tion with 7.4 A interlayer distance has the smallest
energy barrier of 0.733 eV for ion diffusion. This
could be ascribed to the influence of London dis-
persion forces[52] between graphene and hydrogen
ion, which is the weakest intermolecular attraction
and applies to the entire space in this configuration.
To move from the initial position toward the final
position, firstly the hydrogen ion has to overcome
the attractive London dispersion forces between itself
and the first hG layer. Therefore, along the hole-to-
hole path the energy barrier peaks in the middle of
two layers due to the symmetry of this configura-
tion, then starts to drop as it approaches the other
layer due to increasing attractive force. The energy
barrier for the configurations with 11.1 and 14.8 A
interlayer distance is higher (0.827 and 0.828 eV,
respectively) because longer hole-to-hole travel path
will require more energy for hydrogen ions to over-
come the attractive forces from the initial hG layer. In
addition, 11.1 A and 14.8 A configurations have sim-
ilar peak energy barrier and flat energy curves in the
middle. This could be ascribed to diminishing (even
vanishing) of London dispersion forces in the middle
regions, so that the hydrogen ion almost moves freely

near middle plane. Although we find out that the
energy barrier will increase with interlayer distance in
the mode of hole-to-hole movement, it could be over-
come with the help of external electric field. Forced by
appropriate electric field, hydrogen ion can move ver-
tically between two hG layers, so the energy barrier for
hole-to-hole movement is not the key factor affecting
ion diffusion rate in hG films.

To further understand the ion diffusion process
in hG film and figure out how interlayer spacing
facilitates ion diffusion, we also study the mode of
horizontal movement and calculate the energy bar-
rier using the same hG configurations, as shown in
figures 5(c) and (d). The hydrogen ion moves in the
middle plane between two hG layers, from the ini-
tial position right below the center of the first nan-
ohole, toward the final position right above the cen-
ter of the other nanohole. Here, we do not normalize
the reaction coordinate in horizontal mode since the
path length does not change with interlayer distance.
As expected, the configuration with 7.4 A interlayer
distance has the largest energy barrier of 0.0442 eV,
due to the attraction of London dispersion forces
between the hydrogen ion and carbon atoms around
the nanohole. However, the energy barrier for the
configurations with 11.1 A and 14.8 A interlayer dis-
tance is one order of magnitude smaller (0.0064 and
0.0030 eV, respectively). Such small energy barrier
implies the vanishing of London dispersion forces,
resulting in unrestricted horizontal movement in
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the middle plane. This agrees with our findings
above from the middle region along the hole-to-hole
path.

In conclusion, the energy barrier for ion diffu-
sion in the vertical direction increases with interlayer
distance, and approaches a maximum value in the
middle region between two hG layers. In contrast, the
energy barrier in the horizontal direction decreases
as the interlayer distance increases, and eventually
becomes negligible if the interlayer distance is suffi-
ciently large. However, ions could overcome the first
energy barrier by external electric field when char-
ging/discharging the hG film, so the second energy
barrier becomes the dominant factor that determines
the ion diffusion rate in the film. In the end, our
DFT results verify the effects of interlayer spacing and
quantitatively prove that large interlayer distance can
accelerate ion diffusion in hG film, thus supporting
our hypothesis.

4, Conclusion

In conclusion, this research aims at improving the
ion diffusion efficiency of microwave-synthesized hG
films by tuning the water interlayer spacer towards
the improved supercapacitor performance. We pre-
pare hG dry films and wet films by controlling
the final stage of vacuum filtration process, result-
ing in densely packed and sparsely packed films,
respectively. Characterizations reveal that the sparsely
stacked wet films accommodate 20 times larger
interlayer distance compared to the densely stacked
dry films. Through electrochemical measurements,
the hG wet film demonstrates improved superca-
pacitor performance with specific capacitance of
239 Fg~!, about 82% enhancement over hG dry film
of 131 F g~!. Moreover, the wet film displays lower
charge transfer resistance and higher ion diffusion
rate.

Our DFT modeling rigorously elucidates and
highlights the effects of interlayer distance on the
energy barrier for ion diffusion. Specifically, the ver-
tical energy barrier increases with interlayer distance,
while the horizontal energy barrier decreases. Since
ions can overcome the vertical energy barrier by
external electric fields, the horizontal energy barrier
becomes the dominant factor that determines the ion
diffusion rate in the hG film.

Basing on above analysis, we confirm the syner-
getic effect of nanoholes and interlayer spacing. The
residual water within the hG film acts as spacer to
construct effective ion transport channels that accel-
erate ion diffusion. Nevertheless, ion transport chan-
nels within the hG film remain inactive if they are
blocked due to graphene restacking. A simple strategy
like constructing interlayer spacing among hG sheets
can make those channels more effective.
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