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Supplementary Note 2: Calculation of pore geometry parameters from electron 

microscopy images 

Since the contrast in most of our images is rather low, the determination of pore parameters from top-

view images is based on the radial intensity profiles, and that from cross-sectional images is based on the 

aligning and averaging of line profiles.  

 

Calculation of radial intensity profiles 

The radial (i.e., angularly averaged) profiles for features in the top-view TEM and SEM images were 

calculated as follows. For each nanohole (or nanohillock), the central point of the profile was chosen 

manually, and a preliminary radial profile was calculated. The profile was then optimized (i.e., 

symmetrized) by: (i) shifting the central point in the x and y (i.e., horizontal and vertical) directions inside 

a circular region several pixels in size; (ii) calculating the differences in intensities between points at the 

same radial distance from the center, but in different directions; and (iii) choosing the position for which 

the sum of weighted differences is lowest.  

 

Processing of radial profiles extracted from TEM images 

Exemplary radial profiles extracted from TEM images of suspended few-layer GO irradiated with 710 

MeV Bi ions are shown in Supplementary Fig. 1.  

 

Supplementary Fig. 1: Exemplary radial profiles extracted from TEM images. a Perfectly round-

shaped nanopore and b nanopore with edge crack. Since the radial intensity drops sharply at the nanohole 

edge, the 1st derivative method was used to calculate the pore radius. 
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The profiles were smoothed using the „Lowess‟ (locally weighted scatterplot smoothing) algorithm as 

implemented in MATLAB. For regularly shaped pores (Supplementary Fig. 1a), the radius of the pore 

was taken as the position of a minimum in the 1st derivative of the smoothed profile. In the case of 

imperfectly round-shaped nanoholes and those with cracks (single-layer GO case), the irregularities are 

reflected in the radial profiles as additional intensity drops (Supplementary Fig. 1b); consequently, the 

corresponding 1st derivative has more than one minimum. To account for this shape-related pore 

nonuniformity, all the minima were used to create the pore-size histograms.  

 

Processing of radial profiles extracted from SEM images 

Example radial profiles of the features created on the surface of GO films with high-Se ions are shown in 

Supplementary Fig. 2. 

 

Supplementary Fig. 2: Exemplary radial profile extracted from an SEM image. a Four-parameter 

two-piece Gaussian fit. b Single Gaussian fit to the hillock-like (outer) part of the profile. Horizontal 

dashed lines represent the signal intensity at the background (BG) level. 

 

First, we subtracted the average signal intensity at the background level, i.e., that of the unmodified part 

of the GO film in the proximity of the nanohole, estimated by averaging several points at the end of the 

radial profile. For high-Se ions, the profiles of crater-like features were fitted with a four-parameter two-

piece Gaussian function: 

Rp(𝑟) =  
norm  exp  −

 𝑟−µ 2

2×𝜎L
2  ×  ℎR + ℎL − ℎL , 𝑟 ≤ µ

norm  exp  −
 𝑟−µ 2

2×𝜎R
2  × ℎR ,                          𝑟 > µ

      (S1) 
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where ζL and ζR are the Gaussian root mean square widths of the left and right pieces of the curve, 

respectively; hL and hR are the heights of the left and right pieces of the curve, respectively; and µ is the 

position of the maximum of the two-piece Gaussian function. 

From the model, we calculated the following parameters: 

- the size of the holes/pores at the background level, i.e., at the point at the inner pore edge with the 

same signal intensity as the unmodified GO film in proximity, 

- the size of the nanopore entry, i.e., the broadest part of the nanopore at its base, assumed to be 

equal to 2×µ. 

- the size of the nanohillock, taken as 2(µ + 3×ζR) 

Alternatively, the sizes of the nanohillocks were taken as 2×3ζ of a single Gaussian fitted to the hillock-

like part (i.e., the outer slope) of the background subtracted profile. Both estimations yield closely similar 

values (Supplementary Fig. 2a and b). 

A similar approach to hillock size determination was undertaken for low-Se ions that do not create 

nanoholes. Here, the Gaussian function was fitted to the whole background subtracted profiles, and the 

sizes of the hillocks were taken as 2×3ζ. 

Note that the width of 3ζ accounts for 99.73% of the area under the Gaussian curve. The values can easily 

be recalculated to a 2ζ width, which closely matches the sizes of features that one would obtain by 

manually marking the edges on the image (i.e., with subjective naked eye criterion). 

 

Extraction of averaged line profiles from cross-sectional SEM images 

To estimate the width of the nanochannels from the cross-sectional SEM images, we used the following 

procedure. Initially, several line profiles from the top and bottom part of the nanochannel were extracted 

and averaged separately. The averaged profiles were then aligned by rotating the image so that the 

intensity minima representing the nanochannel center match each other. Finally, the line profiles were 

extracted and averaged over the whole nanochannel length visible in the aligned image.  

 



5 
 

Supplementary Note 3: Compositional parameters used in MC-RxMD simulations 

Throughout the section “MC-RxMD modeling of pore formation and structural recovery”, we use the 

following notation: 

Ctot – total number of C atoms in the supercell; 

Crem – number of C atoms removed from the GO lattice; 

Call – number of C atoms bonded to the GO lattice; 

Csub – number of substituted C atoms, i.e., bonded to at least one heteroatom; 

Cunsub – number of unsubstituted C atoms, i.e., bonded only to other C atom(s); 

Crem/Ctot – reflects the removal efficiency of C atoms, i.e., the fraction of C atoms lost from the GO lattice 

during cell relaxation or due to ion passage; 

Csub/Call – substitution degree; alternatively, the substitution degree is expressed by Csub/Cunsub; 

∆ Csub/Call  – absolute difference in the substitution degree (Csub/Call) between relaxed and irradiated 

cells, i.e., ∆ Csub/Call =  Csub
relax/Call

relax − Csub
irrad/C

all
irrad  ; 

∆ Csub/Call / Csub
relax/Call

relax  – relative difference in the substitution degree between relaxed and irradiated 

cells; obtained by dividing Δ(Csub/Call) by the substitution degree for the relaxed cell  Csub
relax/Call

relax ; 

Csub/Call
#
 – plotted on the radial distribution profiles (Fig. 5b and Supplementary Fig. 15b); represents the 

local ratio of substitution degree Cn,sub
irrad /Cn,all

irrad in the n-th cylindrical layer of the irradiated cell to       

Csub
relax/Call

relax  averaged over all layers for the relaxed cell; 

∆ Csub/Call , ∆ Csub/Call / Csub
relax/Call

relax , and Csub/Call
# 

are used to describe the extent of 

defunctionalization due to ion passage. 

The parameters for initial, relaxed, and ion-irradiated cells are denoted with the superscripts „init‟, „relax‟, 

and „irrad‟, respectively.  
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Supplementary Note 4: Remarks on GO synthesis and flake sizes 

Procedure for flake size determination 

The flake size distributions were determined from SEM images. For imaging, the specimens were 

prepared by drop casting the diluted water–GO suspensions onto precleaned Si wafers. For each 

specimen, several SEM images were recorded at an acceleration voltage of 2 kV and with an SE detector. 

The sizes of the flakes were measured manually in two perpendicular directions for each flake; only 

isolated flakes were taken into account. 

As is known, the appearance of the histogram can be strongly influenced by the number of bins and their 

centers
 1

. Here, in the size distribution histograms, the number of bins Nb = ceil((xmax-xmin)/h) was chosen 

to be slightly lower than that resulting from the Scott criterion h = 3.49×SD×N
-1/3

, where h is the optimal 

bin width, SD is the standard deviation and N denotes the number of determinations
 2, 3

. The relevance of 

this approach was inspected by comparing the obtained histograms with the respective kernel densities 

estimated using the Gaussian kernel (Supplementary Fig. 3b and 4b). 

For both samples (GO-M and GO-Z), the flake size distributions were fairly well fitted with a log-normal 

distribution: 

PDF(𝑥) =
1

𝑥𝜎 2𝜋
exp(−

(ln (𝑥)−µ)2

2𝜎2 )        (S2) 

where µ and ζ are the shape and location parameters of the log-normal distribution, respectively. 

The mode, mean (𝑥 ), and standard deviation (SD) of the log-normal distribution were calculated as 

follows: 

mode = exp(µ − 𝜎2)          (S3) 

𝑥 = exp(µ + 𝜎2/2)          (S4) 

SD = 𝑥   exp 𝜎2 − 1          (S5) 

A log-normal distribution was previously reported for some 2D materials and is characteristic of the 

random fragmentation of flakes with a random distribution of the sizes and shapes of the resulting  

pieces
 3
. 

 

Synthesis and flake size distribution of the GO-Z sample 

GO-Z was synthesized as follows. Flake graphite (2 g) was added to ice-cooled concentrated sulfuric acid 

(150 ml) and stirred for a few minutes. Then, sodium nitrite (1.5 g) was added, the mixture was stirred for 

5 minutes, and potassium permanganate (9 g) was added slowly. The mixture was stirred for 2 h in ice 

bath; then, stirring was continued at room temperature for a period of time chosen so that the desired C/O 

ratio of the final GO-Z films closely matched that of the GO-M films (5 days in this case). After that, 5% 

sulfuric acid (280 ml) was added slowly, and the mixture was kept for 2 h at 98 °C under stirring. After 

the mixture cooled to 60 °C, 30% hydrogen peroxide was added, and stirring was continued for another 
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2 h at room temperature. Then, the reaction mixture was purified by extensive washing (several times) 

with a mixture of sulfuric acid (3%)/hydrogen peroxide (0.5%), then with 3% hydrochloric acid and 

subsequently with distilled water. Final purification was carried out by dialyzing the water suspension of 

the resulting GO slurry for several days. 

A representative SEM image of GO-Z along with a histogram of flake sizes is shown in Supplementary 

Fig. 3. The majority of GO-Z flakes are ca. 200-500 nm in size, small flakes of 50-100 nm are quite 

frequent, and the largest flakes typically do not exceed 1.5 μm. The flake size distribution is fairly well 

described by the log-normal distribution function with a mode of 190 nm, a mean value of 350 nm and a 

standard deviation of ~ 250 nm. These results are in good agreement with previous AFM measurements 

of GO-Z
 4

 and with Zhang et al.
 5,

 who claimed that their procedure produces rather small GO flakes that 

have an average diameter of 212 nm and a Gaussian distribution of areas with a maximum centered at 

0.02 μm
2
. AFM investigations of GO-Z carried out by Mravik et al.

 4
 showed that the thickness of most of 

the flakes is ~ 1.1-1.4 nm, consistent with the apparent height of the monolayer GO sheet (~ 1.1±0.3 nm)
 

6
. The high content of monolayer flakes is also confirmed by their light gray color in the SEM images 

(Supplementary Fig. 3a). 

 

Supplementary Fig. 3: Flake size distribution of the GO-Z sample. a SEM image; the scale bar is 0.5 

µm. b Histogram of flake size distribution along with kernel density (Gaussian kernel, 0.04 µm binwidth) 

and log-normal distribution fit. Source data are provided as a Source Data file. 

 

Synthesis and flake size distribution of the GO-Z sample 

To obtain GO-M, a mixture of flake graphite, concentrated sulfuric acid and potassium permanganate was 

mixed with a high-shear mixer for 1 h. After the oxidation reaction was finished and the slurry was 

extensively washed to remove inorganic contaminants, it was diluted with water and subjected to 

additional high-shear mixing to increase the extent of exfoliation. 

An SEM image of the GO-M specimen along with the corresponding flake size distribution is shown in 

Supplementary Fig. 4. Here, the majority of flakes are 0.5-1.5 µm in size, and the large flakes rich sizes of 

4-6 µm. The flake size distribution follows a log-normal distribution with a mode of ~0.89 µm, a mean 
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value of ~1.32 µm and a standard deviation of ~0.74 µm. This result is consistent with the fact that high-

shear mixing facilitates exfoliation of graphene and GO and allows large-area flakes to be obtained
 7
. The 

deviation from the log-normal distribution, i.e., a higher content of large flakes at the cost of intermediate 

flakes, can be attributed to the occurrence of both bulk and edge fragmentation
 3
. Based on SEM imaging, 

the content of single-layer flakes was estimated to be > 90%. 

 

Supplementary Fig. 4: Flake size distribution of the GO-M sample. a SEM image; the scale bar is 2 

µm. b Histogram of flake size distribution along with kernel density (Gaussian kernel, 0.15 µm binwidth) 

and log-normal distribution fit. Individual multilayer GO flakes are represented by a darker gray color and 

are rare; the overlapped flakes are possibly produced by flake agglomeration during sample deposition
 8

. 

Source data are provided as a Source Data file. 
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Supplementary Note 5: MC-RxMD modeling of SHI irradiation damage and structural 

recovery 

MC simulations of excitation of the electronic subsystem 

Simulations of excitation of the electronic subsystem and initial lattice excitation were carried out using 

MC TREKIS code that takes into account the following processes: 

- penetration of a swift heavy projectile resulting in ionization of target electrons and creation of 

primary electrons (δ-electrons) and holes; 

- scattering of δ-electrons by lattice atoms and target electrons; 

- kinetics of the generation of SEs arising during relaxation of the electronic subsystem; 

- Auger decay of core holes, resulting in the production of SEs; 

- radiative decay of core holes, subsequent photon transport, and excitation of new electrons and 

holes by photoabsorption; 

- spatial redistribution of valence holes. 

The cross sections used in TREKIS take into account the collective responses of the electronic and atomic 

subsystems of a target in the framework of the dynamic structure factor formalism. This approach, within 

the first Born approximation, links the loss function, defined as the inverse imaginary part of the complex 

dielectric function (CDF, ε(ω,q)) with the cross section of scattering of an incident particle on a spatially 

and dynamically coupled system of scattering centers
 9
: 

d2𝜎

d ℏ𝜔 d(ℏ𝑞)
=

2(𝑍e  𝑣 𝑒)2

𝑛sc 𝜋ℏ
2𝑣2

1

ℏ𝑞
 1 − e

−
ℏ𝜔

𝑘B 𝑇 

−1

Im  
−1

𝜀(𝜔,𝑞)
    (S6) 

where ħω is the transferred energy, ħq is the transferred momentum (ħ is the Planck constant), Ze is the 

effective charge of the incident particle
 10, 11

, e is the electron charge, v is the velocity of the particle, nsc is 

the density of scattering centers, equal to the atomic or molecular density (depending on the normalization 

of the CDF), T is the temperature of the sample (room temperature in our case) and kB is the Boltzmann 

constant. 

According to the algorithm proposed by Ritchie and Howie, the loss function can be reconstructed from 

experimental (or calculated) optical data on photon scattering on solid
 12

: 

Im  
−1

𝜀(𝜔,𝑞=0)
 =  

𝐴i𝛾 iℏ𝜔

 ℏ2𝜔2−𝐸0i
2 (𝑞=0) 

2
+ 𝛾iℏ𝜔 2

𝑁os

𝑖=1  (S7) 

where E0i is the characteristic energy of the i-th oscillator, Ai is the fraction of electrons with energy E0i, 

and γi is the i-th energy damping coefficient. 

Since the experimental optical data of GO is available only in a limited photon energy range (<6 eV; see, 

e.g.,
 13, 14

), the high-energy branch of the loss function (>30 eV) was calculated according to Henke  

et al.
 15, 16

 using the actual elemental composition of modeled GO. In the low energy region (<30 eV), we 

found a significant disagreement between the published data
 13, 14

 (Supplementary Fig. 5). Because of this 

and the lack of experimental data in the important region of 6-30 eV, we used the optical constants of 
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graphite taken from
 15, 17

. Note that the data points for graphite lie between those reported for GO (see 

Supplementary Fig. 5). The interaction of excited electrons with the target lattice was taken into account 

using Mott atomic cross-sections with a modified Molier‟s screening parameter
 18, 19

. Supplementary 

Table 3 lists the coefficients of the energy loss function of GO in the form of optical oscillators. 

MC calculations allowed us to obtain temporal dependencies of the radial distributions of the density and 

energy of electrons as well as holes in the valence band and different atomic shells and the energy 

transferred into the atomic system of a target
 20

. To obtain reliable statistics, the MC procedure was 

iterated ~10
3
 times

 10, 11
. 

  

Supplementary Fig. 5: Experimental loss function of graphite (Palik
 17

); experimental (Gangwar
 13

, 

Schöche
 14

) and calculated (Henke
 15

) loss functions of GO. Vertical dashed lines mark the different 

atomic levels in different elements according to the ionization potentials. Source data are provided as a 

Source Data file. 

 

Using the MC-derived initial energy deposited into the lattice (Supplementary Fig. 6), we set the 

velocities of atoms in cylindrical layers around the SHI trajectory, assuming a Gaussian-like dispersion of 

their kinetic energy and a uniform distribution of the momenta of atoms within each layer
 20

. This 

distribution of velocities is used as an initial condition to simulate the lattice response within the MD 

approach employing the ReaxFF reactive force field in LAMMPS
 21

. As shown, the ReaxFF potential is 

capable of reproducing the majority of reaction mechanisms occurring during the bombardment of 

graphene with hyperthermal O atoms
 22

. 
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Supplementary Fig. 6: Energy transferred to the atomic subsystem of GO at 100 fs after ion impact. 

Source data are provided as a Source Data file. 

 

Construction of GO models 

GO supercells were constructed based on a graphene sheet consisting of 33120 C atoms (~ 29.4×29.3 

nm
2
). Structures with the required numbers of oxygen functional groups (denoted „initial‟, Table 1) 

obeying the following rules were generated. First, epoxy groups were distributed at random ring positions 

and with random top/bottom orientation. This was done by placing O atoms above or below the respective 

C-C bond and displacing C atoms so that the bond lengths and angles within close proximity of the epoxy 

group corresponded to density functional theory (DFT) calculations (Supplementary Fig. 7). Then, the 

required number of hydroxyl groups were distributed among unsubstituted C atoms, with random 

top/bottom orientation. 

 
Supplementary Fig. 7: Initial distribution of epoxy groups along with displacements of adjacent C 

atoms. 
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A multilayer GO structure, consisting of 403 200 atoms, was constructed by combining a single GO sheet 

with semirandomly distributed epoxy/OH groups at an initial intersheet distance of 8 Å. After relaxation 

of the multilayer structure, the average distance between GO sheets was estimated to be ~6.6 Å. This self-

assembly was driven by interplane interactions, mainly hydrogen bonding interactions. No artificial 

stabilization of the modeled structure in the simulation box was applied. 

 

Initial equilibration of GO supercells 

All GO supercells were relaxed in the NPT ensemble by heating from 10 to 300 K at a rate of 10
-3

 

K/timestep followed by 100 ps equilibration at 300 K. The timestep was 0.25 fs. The structures obtained 

at this stage are named „relaxed‟, and their compositions are listed in Table 1 and Supplementary Table 2. 

Note that after the equilibration, in addition to partial defunctionalization (as discussed in the main text), 

elongation and cleavage of the C-C bonds of some epoxide rings also occur. This effect is in agreement 

with DFT calculations showing that if more than one epoxy O atom is attached to a hexagonal C ring, 

then the epoxy groups in some configurations (in particular, so-called epoxy chains
 23

) produce tension 

sufficient to cleave the underlying C-C bonds
 24, 25

. Since in our RxMD simulations, the bond graph is 

traced down to the bond order (BO) cutoff of 0.3, corresponding to a C-C bond length (BL) of 2 Å, these 

separated C atoms in the BO and BL histograms are represented as being bonded with weak bonds 

(Supplementary Figs. 23 and 24). 

 

Modeling of the structural transformations of GO induced by heavy ion impacts 

MD simulations of ion impacts were carried out using relaxed supercells with periodic boundary 

conditions in the lateral directions and open surfaces perpendicular to the ion trajectory. To model a free 

(open) surface, the box boundaries were extended by 10 nm in both directions along the Z axis. The 

lateral borders of the cells, 0.5 nm in thickness, were cooled using the Berendsen thermostat with a 

temperature set to 300 K and a time constant of 0.1 ps
 26

. After projectile passage, the structural evolution 

was traced until 0.1 ns. This time was sufficient for the temperature to drop below 400 K and for the pore 

size to stabilize. 
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Supplementary figures 

 

Supplementary Fig. 8: Overlaid FT-IR spectra of pristine GO-Z and GO-M films in the low 

wavenumber range (1700-1150 cm
-1

). The spectra were normalized to the same intensity of the ~1600 

cm
-1

 signal representing C=C vibrations of the sp
2
 carbon network. The first C=O band (1720 cm

-1
) is 

ascribed to several carbonyl-bearing moieties, whereas the second C=O mode (~1615 cm
-1

) is typically 

attributed to carboxyl groups
 27

. The bending C-OH modes span from 1310-1455 cm
-1

, with the high-

wavenumber component (1420 cm
-1

) ascribed to hydroxyl groups attached to the carbon honeycomb and 

the low-wavenumber component (1380 cm
-1

) attributed to C-OH bending vibrations in carboxyl groups. 

The band C-O-C (1250 cm
-1

) is due to C-O stretching vibrations in epoxy groups.  
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Supplementary Fig. 9: Evolution of the C 1s spectra of GO films irradiated with different fluences 

of 167 MeV Xe ions. a GO-Z films. b GO-M films. The spectra were deconvoluted with 6 components 

centered at ca. 284.5 eV (C=C sp
2
), 285.0 eV (C-C sp

3
), 286.5 eV (C-O), 287.7 eV (C=O), 288.7 eV (O-

C=O), and 290.3 eV (sat). Here, C=C denotes sp
2
 graphitic carbon, C-C is attributed to sp

3
-hybridized 

carbon, C-O is due to hydroxyl and epoxy groups, C=O is ascribed to different carbonyl-bearing moieties, 

O-C=O is mainly due to carboxyl groups, and sat is a π-π* shake-up satellite. The asymmetric peak shape 

of the C=C sp
2
 component was accounted for by the recently developed Doniach-Sunjic-Shirley line

 28
 

with asymmetry parameters optimized for highly defunctionalized samples and kept constant over the 
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whole series. Note that the photoemission intensity drop in the high BE tail (288-290 eV) is more 

pronounced for GO-Z, creating the shape of a small step, while for GO-M, it is rather smooth, 

demonstrating higher content of carboxyl groups in GO-Z. This tendency is preserved even for the films 

irradiated with high ion fluences and is in agreement with compositional differences between the films as 

deduced from the FT-IR data (Fig. 4b and Supplementary Fig. 8). The intensities of components due to 

oxygen functionalities decrease with increasing ion fluence, eventually reaching residual levels at high 

fluences. 

 

Supplementary Fig. 10: Evolution of the N 1s spectra of GO-Z films irradiated with different 

fluences of 167 MeV Xe ions. a The spectrum of the initial film, with two major components of 

comparable intensity (0.9:1) centered at 401.6 and 400 eV, is similar to those typically reported for GO 

obtained by the Hummers method
 29, 30

. These components are tentatively ascribed to graphitic (NQ) and 

pyrrolic (N-5) nitrogen forms
 31

, but a reasonable attribution also assumes coincidental contaminants 

related to Hummers synthesis
 29, 30

. b-d With increasing ion dose, the 401.6 eV (NQ) component is almost 

completely eliminated; at the same time, the N content increases from ca. 1 at.% (N/C ratio of 0.013) for 

the initial sample to ~ 1.6 at.% (N/C of 0.018) for films irradiated to fluences of (0.6-1)∙10
13

 ions/cm
2
. 

d For the high-dose irradiated sample, the major component in the N 1s spectrum is the peak located at 

~ 399 eV; the increase in the total N content indicates a contribution from nitrile nitrogen (C≡N), which 

shows a very similar binding energy value (~399 eV). 
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Supplementary Fig. 11: FT-IR spectra of GO films irradiated with 107 MeV Kr and 46 MeV Ar 

ions. a, a’ GO-Z and GO-M films irradiated with Ar ions. b, b’ GO-Z and GO-M films irradiated with Kr 

ions. The spectral region characteristic of conjugated C≡C bond stretching is highlighted in orange. 
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Supplementary Fig. 12: SEM image of the surface of a GO-M film irradiated with 710 MeV Bi ions. 

The fluence of Bi ions was 1·10
11

 ions/cm
2
, and the specimen was sputter coated with Pt/Pd prior to SEM 

investigation. Note that the created pores are not as pronounced as in the case of the GO-Z specimen 

irradiated under analogous conditions (Fig. 2c). The scale bar is 50 nm. 

 

 

Supplementary Fig. 13: Stochastic core-halo model for damage/order evolution in SHI-irradiated 

GO. After ion impact, the temporary temperature increase is the highest in the track core (i.e., cylindrical 

region closest to the ion trajectory) and can be sufficient to cause damage or create nanoholes. In the track 

periphery (so-called track halo), the lattice heating is not as strong and leads to a partial 

defunctionalization of GO. The last process is similar to well-studied thermal defunctionalization (i.e, 

reduction), in which a partial restoration of graphitic structure occurs, except that it takes place locally, in 

the frontier region of the nanohole (high-Se ions) or inside nanosized spots (low-Se ions). a In the model, 
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we assume that (i) the damage and recovery are uniform and occur within the track core and track halo 

zone, respectively, and (ii) the radii of the track core and track halo are proportional to the damage and 

recovery efficiencies. The transport properties are improved in the recovered zones, and they are degraded 

in the damaged zones. b With increasing ion fluence, the recovered regions start to overlap; at high 

fluences, the damaged regions dominate, leading to conductivity degradation. c With decreasing Se, the 

damage is suppressed to a greater extent than the recovery. For low-Se ions, a saturation phase occurs at 

higher fluences, and the maximum achievable conductivity and extent of structural ordering are higher. 

  

Supplementary Fig. 14: Analysis of SHI irradiation-induced structural and chemical 

transformation of GO by TEM and EELS. a TEM image of a suspended thin GO film irradiated with 

710 MeV Bi ions at high magnification. The scale bar is 5 nm. Note that the frontier regions of densely 

spaced nanoholes are structurally modified. Because of the hybridization change from sp
3
 to sp

2
, these 

regions are flatter, with an orientation normal to the incident electron beam, allowing better imaging of 

the carbon planes. For unmodified GO (top part of the image), the clusters with well-visible graphitic 

planes are randomly distributed and are much smaller in size. b EELS spectra of the carbon K-edge 

acquired on unmodified and defunctionalized regions of the specimen. The following features due to π* 

transitions are distinguishable: the peak at 287-288 eV is attributed to epoxy groups and chemisorbed 

water
 32, 33, 34

, and that of hydroxyl groups (~285.5 eV) forms a shoulder on the ~285 eV feature of sp
2
 C. 

The feature at ~292.5 eV corresponds to the 1s-ζ* transition. In the spectrum measured over a 

defunctionalized region, the peak at ~ 288 eV is less pronounced, and that of sp
2
 C increases, indicating 

partial recovery of the graphitic structure around the nanoholes. 
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Supplementary Fig. 15: MC-RxMD simulations of 167 MeV Xe ion passage through single-layer 

model GO structures containing only epoxy groups. a Final structures 0.1 ns after projectile passage; 

the scale bar is 2 nm. b Respective radial distributions of normalized planar atomic densities and 

normalized local substitution degrees (Csub/Call
# ). Source data are provided as a Source Data file. 
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Supplementary Fig. 16: Radial distributions of the planar atomic densities of carbon atoms 

subdivided according to their type. Csubst denotes C atoms bonded to at least one heteroatom. 

Unsubstituted C atoms are categorized by their valence (i.e., terminal and sp-, sp
2
-, and sp

3
-hybridized). 

The radial distributions of H and O (dashed lines) are included for comparison. Source data are provided 

as a Source Data file. 
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Supplementary Fig. 17: Carbon backbones of the GO structures after passage of a single 167 MeV 

Xe ion. Orthographic projections, scale bars are 2 nm. C atoms bonded to heteroatoms are colored in 

magenta. The unsubstituted C atoms are colored according to their valence: red for sp
3
-C, cyan for 

terminal-C, orange for sp-C, dark gray for sp
2
-C atoms with unchanged hybridization compared to the 

initial structure, and light gray for recovered sp
2
-C. 
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Supplementary Fig. 18: Distributions of unsubstituted carbon atoms for relaxed GO supercells and 

after the passage of a single 167 MeV Xe ion. For each GO model, both histograms were normalized to 

the number of unsubstituted C atoms in the relaxed cell. Source data are provided as a Source Data file. 
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Supplementary Fig. 19: Creation of nanoholes in GO films consisting of different numbers of 

layers. For the simulations, the initial composition of C:H:O 6:1.5:1.8 was chosen, and the impact of the 

167 MeV Xe ion was modeled. a-Final structures 0.1 ns after projectile passage of single-, three-, four-, 

and five-layer GO. The scale bars are 2 nm; for better visualization of differences between inner and outer 

layers, the atoms of the internal layers are colored in ice blue. Note that for single-layer GO, the thorns 

appearing at the nanohole edge closely resemble those visible in the experimental TEM image (Fig. 1a). 

For few-layer GO, there are still some cracks in the outer layer, but the nanoholes in the internal layers 

have an almost perfect round-shaped geometry. b Nanopore profiles obtained with HOLE code 

employing AMBER van der Waals radii. c Corresponding min-max ranges of the nanopore radii for GO 

structures consisting of different numbers of layers. Source data are provided as a Source Data file. 
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Supplementary Fig. 20: GO structures after passage of a single 167 MeV Xe ion. Zoomed-in 

perspective views at a 30° tilt angle. Note that for structures prone to irradiation-induced 

defunctionalization (e.g., C/OH = 4, C/epoxy = 4:0.2 and C/OH = 4, C/epoxy = 4:0), the recovered 

regions become curved because of the in-plane lattice expansion resulting from the sp
3
-to-sp

2
 

transformation. 
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Supplementary Fig. 21. Effect of secondary electron emission on the extent of structural 

modification of single-layer GO by SHI irradiation. Comparison of SEE-uncorrected top and 

-corrected bottom MC-RxMD simulation results for a single 167 MeV Xe ion-irradiated GO model 

structure with an initial C/O ratio of 2.5 and an OH/epoxy composition typical of Hummers synthesis 

(2:1). The reduction in energy deposition due to SEE was assumed to be the same as that estimated for 

single-layer graphene (50%). a Final structures and b carbon backbones 0.1 ns after projectile passage 

(the scale bars are 2 nm; for the carbon atom color coding, refer to the caption of Supplementary Fig. 17). 

c Respective radial distributions of normalized planar atomic densities and normalized local Csub/Call 

ratios. Source data are provided as a Source Data file. 
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Supplementary Fig. 22: Schematic representation of a proposed scalable roll-to-roll fabrication 

method of hybrid GO-based track membranes consisting of an SHI-patterned GO thin film 

(selective layer) supported on a porous polymer substrate (passive layer). a,b Coating of the substrate 

with the GO layer using a scalable and roll-to-roll compatible processing method, such as a doctor blade 

coating or b slot-die coating. Bar coating, or its recent modification based on a Mayer rod, can be used as 

well. In these techniques, the nematic GO dispersion is transformed into aligned GO layers, providing 

exceptional mechanical properties of the coated films
 35

. c Heavy-ion irradiation of the composite films 

using a roll-to-roll chamber facility. d Cross-sectional SEM image of an exemplary hybrid GO-based 

track membrane obtained in a pilot lab-scale process employing vacuum filtration of GO onto a 0.2 µm 

porous nylon 66 film. Note that in the nylon support, ion-track pores were not formed, and the inherent 

pores are large enough to provide undisturbed flow of the solution in separation-oriented applications. 

The scale bar is 0.5 µm 
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Supplementary Fig. 23: C-C bond length distributions for relaxed GO supercells and after the 

passage of a single 167 MeV Xe ion. top rows Total distributions, bottom rows partial distributions. For 

each GO model, each histogram was normalized to the total number of C-C bonds in a respective relaxed 

cell. The partial distributions for ion-irradiated GO cells are represented with color-filled bars, and the 

bars for relaxed cells are unfilled. 
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Supplementary Fig. 24: C-C bond order distributions for relaxed GO supercells and after the 

passage of a single 167 MeV Xe ion. top rows Total distributions, bottom rows partial distributions. For 

each GO model, each histogram was normalized to the total number of C-C bonds in a respective relaxed 

cell. The partial distributions for ion-irradiated GO cells are represented with color-filled bars, and the 

bars for relaxed cells are unfilled. 
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Supplementary tables  

Supplementary Table 1. Accelerated ions, their energies, and their electronic stopping powers in 

GO. 

Ion Energy (MeV) Se (keV/nm)
a
 

Bi 710 22.1 

Xe 167 14.3 

Kr 107 9.4 

V 61 6.2 

Ar 40 4.7 

a – calculated with SRIM-2013 code assuming a C:H:O composition of GO of 6:1.2:2.4, i.e., with the 

same C/O ratio as that of our samples (2.5) and an OH/epoxy ratio typical of Hummers synthesis (2:1). 

 

Supplementary Table 2. Additional compositional parameters for single-layer GO models studied 

with MC-RxMD. 

Formula C:epoxy:OH 

Initial Relaxed After ion passage 

Csub/Cunsub Csub/Cunsub Csub/Cunsub Crem/Call 

Constant epoxy/OH ratio of 1.0, varied substitution ratio 

C6H1.5O3 4:1:1 3.00 2.28 1.99 0.042 

C6H1.0O2 4:0.66:0.66 1.00 0.821 0.766 0.018 

C6H0.75O1.5 4:0.5:0.5 0.60 0.538 0.504 0.010 

Constant C/OH ratio of 4.0, varied C/epoxy ratio 

C6H1.5O2.25 4:0.5:1 1.00 0.837 0.744 0.019 

C6H1.5O1.8 4:0.2:1 0.54 0.489 0.432 0.0085 

C6H1.5O1.5 4:0:1 0.33 0.291 0.257 0.0029 

Only epoxy groups (no OH) 

C6O1.5 4:1:0 1.00 1.00 0.955 0.021 

C6O1.125 4:0.75:0 0.60 0.60 0.576 0.015 

C6O0.75 4:0.5:0 0.33 0.33 0.325 0.006 

Crem/Call represents the ratio of C atoms removed from the GO layer to C atoms bonded to the GO layer; 

Csub/Cunsub denotes the ratio of substituted C atoms to unsubstituted C atoms in the GO layer. 
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Supplementary Table 3: Coefficients of the inverse complex dielectric function of GO in the form of 

the sum of oscillator functions. E0i, Ai, and γi are coefficients of Eq. (S7) used for reconstruction of the 

loss function. f-sum is the number of electrons (Ne) on the atomic shells. The values from
 36

 are shown in 

brackets for comparison. 

Name E0i Ai γi 

f-sum (Number 

of electrons per 

formula unit) 

Valence Band 

1.8 -0.15 1 15.01432 (15) 

3 0.7 4 

7 5 1 

10 8 3 

19.5 45 6 

28 524 11.5 

K-shell of C 290 214 230 3.98453 (4) 

K-shell of O 500 128 300 2.00759 (2) 

Total:  21.00644 (21) 
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