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Methods 

Theoretical Calculations 

Computational details 

A 3 (armchair) × 5 (zigzag) monolayer graphene sheet model with 60 carbon was built for the 
calculation to simplify the structure of pristine CNT (PCNT). The ion-electron interaction is 
treated by the projector augmented-wave technique, as implemented in the Vienna ab initio 
simulation package. The exchange-correlation potential is treated using the 
Local-Density-Approximation functional. The Monkhorst-Pack k-point mesh of 3 × 3 × 1 is 
employed to sample the two-dimensional Brillouin zone. The lattice vectors and atomic 
positions are optimized according to the guidance of atomic forces, with a criterion that 
requires the calculated force on each atom to be smaller than 0.01 eV/Å. Zero-point energies 
were included for all free energy calculations. 

Partial charge difference 

To study the interaction between water molecule and CNTs, we utilized ab initio density 
functional theory (DFT) calculations. To simulate the interface between water and CNT, a 
model of water molecules on graphene is used in our calculation[1]. The Bader method[2] is 
used to analyze the average charge transfer between water molecule and PCNT or 
oxygen-modulated CNT (OCNT). The charge redistribution of	 OCNT is obtained by 
subtracting the electronic charge of an OCNT from the separate single O and PCNT.  

Adsorption energy 

The adsorption energy of water molecule on PCNT and OCNT is defined as EPCNT = (EH2O + 
EPCNT(EOCNT)) – Etot 

[1], where EH2O is the energy of water molecule in vacuum, EPCNT is the 
energy of a perfect CNT, EOCNT is the energy of a CNT with 60 carbon and one oxygen at the 
bridge site, and Etot is the relaxed CNT-H2O system. The resulting binding energies for water 
molecules on PCNT and OCNT are 0.129 eV and 0.772 eV, respectively. The higher binding 
energy indicates a stronger dimer-dimer interaction. 

Reaction paths 

We outline the following mechanism for water-assisted epoxy-hydroxide transition. 
On the water/OCNT surface, this half reaction occurs: 
𝑂𝐶𝑁𝑇 + 𝐻'𝑂 + 𝑒) = 𝐶𝑁𝑇 − 𝑂𝐻 + 𝑂𝐻 ,-

) 		[𝑆1]  
And for water/CNT surface, the half reaction is: 
𝐶𝑁𝑇 + 𝑂𝐻 ,-

) = (𝐶𝑁𝑇 − 𝑂𝐻) + 𝑒)			[𝑆2]	 	
We calculate the free energy including the Zero-point energy (ZPE) and entropy corrections 



S3 

by the following equation: 
𝐺 = 𝐸898:;<=>?: + 𝑍𝑃𝐸 − 𝑇𝑆														[𝑆3] 
T=300 K is applied here. 
To obtain the free energy of solvated OH-, we use the oxygen reduction reaction as reference, 
1
2𝑂'(C) + 𝐻'𝑂 + 2𝑒

) = 2𝑂𝐻)								𝑈E = 0.400	𝑉					(𝑝𝐻 = 14)				[𝑆4] 

A pH correction is added to pH 7 using the Nernst equation 

𝑈 = 𝑈E +
0.0592
𝑛 14 − 𝑝𝐻 							[𝑆5] 

The potential of OH-is shifted to 0.607 V vs. the standard hydrogen electrode (SHE). At this 
potential, the reaction is at equilibrium, and in terms of chemical potential	𝜇 we write 
O
'
𝜇PQ(R) + 𝜇SQP + 2𝜇8T = 2𝜇PST							[𝑆6] 

The chemical potential of the electron is a function of the applied potential U, based on the 
relationship that ∆𝐺 = −𝑛𝑒𝑈, therefore at any U: 
1
2 𝜇PQ(R) + 𝜇SQP + 2𝜇8

T 𝑈 = 2𝜇PST − 2𝑒𝑈					[𝑆7] 

If equation [S7] refers to SHE as 0V, the energy of electron should be raised by 0.607 eV: 
1
2 𝜇PQ(R) + 𝜇SQP + 2𝜇8

T 𝑈 = 2𝜇PST + 0.607	𝑒𝑉 − 2𝑒𝑈						[𝑆8] 

If we rearrange the equation, the chemical potential difference between OH- and e- can be 
written as: 

𝜇PST − 𝜇8T =
1
4𝜇PQ R +

1
2 𝜇SQP − 0.304	𝑒𝑉 + 𝑒𝑈					[𝑆9] 

The free energy change of [S1] is given by: 
∆𝐺 = 𝜇YZ[)PS − 𝜇PYZ[ − 𝜇SQP + 𝜇PST − 𝜇8T								[𝑆10] 
Finally, replacing the expression (𝜇PST − 𝜇8T) by [S9], we obtain: 

∆𝐺 = 𝜇YZ[)PS − 𝜇PYZ[ −
1
2𝜇SQP +

1
4𝜇PQ R − 0.304	𝑒𝑉 + 𝑒𝑈				[𝑆11]

Here we use O-C-O model as OCNT. 
From DFT calculations, 𝜇YZ[)PS = 10.269	𝑒𝑉, 𝜇PYZ[ = 10.020	𝑒𝑉, 𝜇SQP = 0.404 eV, 
𝜇PQ R =-0.106 eV. 

If U=0, ∆𝐺 = −0.284	𝑒𝑉 
On the basis of Equations [S1]-[S11], we calculate the free energies of OCNT and CNT-OH, 
and the limiting potential is 0.284 V. 
If we use C=O or COOH as OCNT, the ∆𝐺 will become 0.468 and 0.209 eV given U=0 
(Figures S17 and 18).  
Similar to the cathode reaction, the free energy charge of [S2] can be obtained as: 
∆𝐺 = 𝜇YZ[)PS − 𝜇YZ[ − 𝜇PS) + 𝜇8T			[𝑆12] 
Here we use the same approach as the computational hydrogen electrode and apply to a 
different electrochemical reaction 
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𝐻'𝑂 + 𝑒) = 𝑂𝐻) +
1
2𝐻'								𝑈E = −0.830𝑉				[𝑆13] 

At pH 14, the half-reaction has a potential of -0.830 vs. the standard hydrogen electrode 
(SHE). According to equation [S5], we shift the energy of OH- to pH 7, which is -0.415 eV. 
In terms of chemical potential 𝜇 we write 

𝜇SQP + 𝜇8T =
1
2𝜇S

Q + 𝜇PST		[𝑆14]

Then, we write the chemical potential of the electron 𝜇8T as a function of the applied 
potential U: 

𝜇SQP + 𝜇8T 𝑈 =
1
2𝜇S

Q + 𝜇PST—𝑒𝑈							[𝑆15] 

We refer to 0 V vs. SHE 

𝜇SQP + 𝜇8T 𝑈 = O
'
𝜇SQ + 𝜇PST − 0.415	𝑉—𝑒𝑈	      [S16] 

After that, you can substitute the 𝜇PS) − 𝜇8T in the expression of ∆𝐺. 
1

∆𝐺 = 𝜇YZ[)PS − 𝜇YZ[ − 𝜇SQP + 2 
𝜇SQ R − 0.415	𝑒𝑉 + 𝑒𝑈				[𝑆17]

From DFT calculations, 𝜇YZ[=9.945 eV, 𝜇SQ R =-0.015 eV. 

If U=0, ∆𝐺 =-0.508 eV. 
So the total limit potential for the reaction is given by the cathode reaction, which is 0.284 V. 

Preparation of oxygen-modulated CNT yarns 

PCNT yarns were dry-drawn from a spinnable CNT array synthesized via chemical vapour 
deposition[3-4]. The OCNT yarn was obtained using oxygen microwave plasma (Plasma 
System 690, PVA Tepla) with a flowing rate of oxygen gas of 300 sccm and a pressure of 10 
Pa. The power and time were 100 W and 15 min, respectively.  

The PCNT yarn was also produced by chemical vapour deposition spinning method from 
ethanol/acetone carbon source with ferrocene as catalyst and thiophene promoter in hydrogen 
flow at 1250 oC. The OCNT yarns were achieved after immersing in an aqueous solution of 
concentrated nitric acid (65 wt%) at 140 oC for 24 h and washing with water for three times. 
The PCNT fabric was obtained by weaving these resulting yarns into a fabric on an industrial 
weaving machine via a shuttle-flying process, followed by acid treatment to produce 
the OCNT fabric. The main energy cost for the carbon:water device textile included 
the preparation and oxygen plasma treatment of CNT yarns and the weaving process. It 
was evaluated totally as 2.35 W/m2.  

Characterization and performance enhancement 

The structures were characterized via scanning electron microscopy (SEM) (Ultra 55, Carl 
Zeiss) and transmission electron microscopy (TEM) (JEM-2100F, JEOL). The generated 
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voltage and current were recorded by a Keithley 2400 Source Meter. The photographs were 
taken by a digital camera (Nikon J1). The application of the T-shirt was fabricated by using 
the OCNT fibre and aluminum wire as two electrodes. The ‘FSD’ T-shirt was composed of 
ten fabric-shaped devices in series, and we used 2 wt% sodium chloride solutions to simulate 
sweat.  

X-ray absorption spectroscopy

Soft X-ray absorption spectroscsopy (XAS) measurements were performed at the Spherical 
Grating Monochromator (SGM) beamline of the Canadian Light Source. All samples were 
scanned from 282 to 294 eV at 0.1 eV steps, which encompasses the C K absorption edges. 
The base vacuum was around 10-9 mbar. The spectra were recorded using the total electron 
yield detection (TEY). In the ex-situ XAS measurements, the samples were prepared by 
placing a small amount of CNTs on indium foil. The samples were prepared by placing a thin 
CNT film on an ultrathin Si3N4 membrane window (100 nm thick) that separated the liquid 
medium inside the cell from the high-vacuum environment. The spectra were normalized to 
the spectrum of a copper grid freshly coated with gold. The energies were calibrated to the 
carbon ionization potential. Owing to this calibration procedure, the error on the C K-edge is 
expected to be no more than 0.2 eV. We carefully conducted the XAS on the PCNTs and 
OCNTs prepared before and after discharging electricity ex situ. 

X-ray photoelectron spectroscopy

For high-resolution X-ray photoelectron spectroscopy (HRXPS) measurements, we used 
monochromated Al Ka (hv=1486.6 eV) and a multi-channel plate detector with a 180 
hemispherical, 165 mm mean radius analyzer in an AXIS Ultra DLD (Kratos Surface 
Analysis). Energy resolution was 0.5 eV for HRXPS.  
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Figure S1. SEM images of the CNT yarns with increasing oxygen contents. a, b, 1.3 at%, 
i.e., PCNT yarn. c, d, 8.3 at%, i.e., OCNT yarn. Scale bars: 10 µm for a and c; 500 nm for b 
and d. 
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Figure S2. Open-circuit voltage of carbon:water device over time. The device is stable 
over 5,000s. 
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Figure S3. Open-circuit voltage and short-circuit current (expressed as current density) 
of the carbon:water device in deionized water. Short-circuit current is detected when the 
device is immersed in water and connected. 
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Figure S4. Performance of a carbon:water device composed of two identical OCNT 
yarns. No open-circuit voltage and short-circuit current were detected when the device is 
composed of OCNT yarns containing the same oxygen content. 
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Figure S5. Open-circuit voltage of a device when totally and partially immersed in 
deionized water. The two copper wires connected to the ends of the PCNT and OCNT yarns 
are covered with epoxy resin to avoid exposure to water. The device that is totally immersed 
in deionized water showed nearly the same voltage output as one that is partially immersed, 
suggesting that evaporation had no influence on electricity generation. 
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Figure S6. SEM images of the CNT yarns with increasing helical angles. a, b, 12o.c, d, 
22o.e, f, 33o.g, h, 48o.Scale bars: 20 µm for a, c, e and g; 1 µm for b, d, f and h. 
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Figure S7. Dependence of the open-circuit voltage on the helical angle of the CNT yarns. 
Output voltage remained unchanged with increasing helical angles, suggesting that the output 
was independent of the helical angle.  
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Figure S8. Dependence of the output voltage and current density on the electrical 
resistance of the external circuit in deionized water. Peak power density of 95 mW/m2 was 
observed at a load resistance of 0.5 MΩ in deionized water (conductivity of 7.6 µS/cm).   
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Figure S9. TEM images of the PCNTs (a) and OCNTs (b). Scale bars: 10 nm. OCNTs were 
found to have more defects after oxygen plasma treatment, which is possibly introduced by 
grafting oxygen-functional groups. 
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Figure S10. Raman spectra of the PCNT and OCNT yarns. The intensity ratios between 
D and G bands increased from 0.56 to 0.92 when oxygen content increases from 1.3 to 8.3 at% 
for PCNT and OCNT, respectively. The intensity ratio represents the concentration of defects 
on the CNTs. The higher ratio shows that OCNTs have more defects than PCNTs, and this is 
in consistent with the TEM results. 
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Figure S11. Atomic models used in DFT calculation of the Gibbs free energies as (a) 
CNT, (b) OCNT and (c) CNT-OH. Dark blue and yellow balls represent carbon atoms, the 
reds balls are oxygen atom, and the light blue balls are hydrogen atom. 
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Figure S12. Atomic model of different oxygen-containing functional groups used in 
calculation, which are (a) C-O-C, (b) C=O and (c) COOH. The yellow balls denote the 
carbon atoms, the red ball denote oxygen atoms, and the light blue ball denote hydrogen 
atoms. C-O-C is built on a graphene surface, and C=O and COOH are built on a zigzag edge 
of graphene. 
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Figure S13. The open-circuit voltage for different carbon materials. (a) CNT film 
electrode (with size of 2.0 mm×2.4 cm×20 nm), the device was composed of PCNT film 
and OCNT film which was modified under oxygen plasma treatment. (b) Carbon fiber (with 
a diameter of 1 mm and a length of 2.4 cm). The device was composed of carbon fiber and 
acid treated carbon fiber. The acid treated carbon fiber was treated in H2SO4 solution for 24 h 
in 100 oC. (c) Graphene oxide fiber electrode (with size of 400 µm×2.4 cm), the device was 
composed of two graphene oxide fiber with different reduction time (2 h and 4 h) in HI 
solution in 80 oC. (d) Graphene oxide film electrode (with size of of 1 cm×2 cm×800 µm), 
the device was composed of two graphene oxide fiber with different reduction time in HI 
solution (10 min and 4 h) in 80 oC. 
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Figure S14. Schematic diagram of the liquid crystal display circuit. 
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Figure S15. Photograph of a roll of CNT yarn. This CNT yarn is synthesized by 
chemical vapour deposition and is about 300 meters long. Scale bar, 1 cm. 
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Figure S16. FSD fabric and its performance. a. Photograph of a large-area CNT fabric 
using a through commercial weaving machine. b. Schematic of the FSD fabric. PCNT and 
OCNT fabric are sandwiched face-to-face with a separator in between. c. Open-circuit 
voltage and short-circuit current generated by the FSD fabric (40 mm2) in sea water.  
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Figure S17. Schematic diagram of the self-designed pedometer wristband. 
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Table S1. Power density of various water/ionic aqueous solution devices. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

  

Flow device Power density (mW/m2) 

Ref.5[5] 0.55 

Ref.6[6] 0.0192 

Ref.7[7] 0.287 

Ref.8[8] 0.00012 
Ref.9[9] 4.2 

Ref.10[10] 70 

Ref.11[11] 0.169 

Ref.12[12] 0.00032 
Ref.13[13] 27.3 

Ref.14[14] 67 

This work 703.5 
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