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Fig. S1 (A) XRD pattern and (B) TEM image of Co@N-CNTs@C3N4.

Fig. S2 (A) XRD pattern and (B) Raman spectrum of N-CNTs@C3N4 after washing with HCl.
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Fig. S3 (A) SEM and (B-D) TEM images of N-CNTs@C3N4.
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Fig. S4 (A) CV curves and (B) Nyquist plots of bare GCE, N-CNTs@C3N4-1/GCE, and N-

CNTs@C3N4-2/GCE with 5 mM [Fe(CN)6]3-/4- in 0.1 M KCl solution. Scan rate = 50 mV s-1.

The electrochemical performance of bare GCE, N-CNTs@C3N4-1 (after washing with 

HCl), and N-CNTs@C3N4-2 (after washing with HCl and then thermal annealing at 1600 °C 

for 2 h) modified GCE was investigated using CV and EIS. Fig. S4A provides CV curves of 

bare GCE, N-CNTs@C3N4-1/GCE, and N-CNTs@C3N4-2/GCE with 5 mM [Fe(CN)6]3-/4- in 

0.1 M KCl solution at 50 mV s-1. The three electrodes exhibit a well-defined redox peak. Note 

that N-CNTs@C3N4-2/GCE manifests higher faradaic current and lower peak-to-peak 

separation (ΔEp) value than those of bare GCE and N-CNTs@C3N4-2/GCE, indicating high 

electroactive area and fast electron transfer kinetics of N-CNTs@C3N4-2/GCE. Fig. S4B 

depicts EIS results of the three electrodes. The diameter of the semicircles in the high- and 

middle-frequency represents the charge transfer resistance. No obvious semicircles can be 

found in N-CNTs@C3N4-1/GCE and N-CNTs@C3N4-2/GCE, indicating faster electron 

transfer kinetics within the N-CNTs@C3N4 modified electrode than bare GCE. Therefore, it is 

expected that the immobilization of enzymes on N-CNTs@C3N4 modified electrode would 

improve the electrochemical performance due to its enhanced electrical conductivity.
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Fig. S5 CLSFM images of N-CNTs@C3N4 in the absence of GOx under excitation light (A) 

and under objective (B). The white dotted circles in Fig. S5A mark out the sparse fluorescent 

spots.
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Fig. S6 (A) 2D and (B) 3D AFM images of N-CNTs@C3N4. (C) 2D AFM image of C3N4 

nanosheets. (D) Height profile of the trace line in Fig. S6C.
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Fig. S7 CV curves of GOx/N-CNTs@C3N4/GCE in 0.1 M PBS (pH 7.2) saturated with Ar. 

Scan rate: 50 mV s-1. (A) N-CNTs@C3N4 after washing with HCl. (B) N-CNTs@C3N4 after 

washing with HCl and then thermal annealing at 1600 °C for 2 h.

Fig. S8 (A) CV curves of GOx/N-CNTs@C3N4/GCE in Ar-saturated 0.1 M PBS (pH 7.2) at 

50 mV s-1 for 200 cycles. (B) CV curves of GOx/N-CNTs@C3N4/GCE in Ar-saturated 0.1M 

PBS (pH 7.2) for 10 days by once a day. Scan rate = 50 mV s-1. Inset shows the IP/IP1 (%) of 

3 electrodes.
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Fig. S9 Comparison of amperometric response of the GOx/N-CNTs@C3N4/GCE and N-

CNTs@C3N4/GCE to successive addition of glucose in 0.1 M PBS (pH 7.2) at an applied 

potential of -0.42 V.

Fig. S10 Chronoamperometry (i-t) curve of Lac/N-CNTs@C3N4/GCE biocathode collected at 

0 V (vs. Ag/AgCl) in O2-saturated 0.04 M B-R solution (pH 5.0).



9

Fig. S11 (A) Digital photograph of a single glucose/O2 BFC showing a high OCP of 0.932 V. 

(B) Digital photograph of three glucose/O2 BFCs in series generating an OCP of 2.76 V. (C) 

Digital photograph of three glucose/O2 BFCs in series powering a yellow LED lamp.

Fig. S12 Dependence of the Ucell and Pcell on the jcell for the fuel cell in the absence of enzymes 

under ambient air.
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Fig. S13 Ucell vs. time for the fabricated glucose/O2 BFC continuously operating at 100 kΩ 

for 120 h.
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Table S1 Comparison of electrochemical parameters of the GOx modified electrodesa.

Modified electrode
E’0

(mV)
pH

ks

(s-1)

Γ*

(mol cm-2)
Ref.

GOx/N-CNTs@C3N4/GCE -457 7.2 4.78 8.26×10−10
This 

work

AuNPs/GOD-CNT-

PVA/GC
-504 7.0 2.2 2.56×10−10 1

GCNT/GOD/GAD/GC -400 7.0 1.08 3.88×10−9 2

GOD/NH2–TiO2–CNT/GC -460 7.4 3.5 8.77×10−11 3

GOD/PDDA-HCNTs/MGC -476.5 7.4 — 1.36×10−10 4

NF/ZnO/(PSS/PDDA)3/GO

D/ITO/GC
-105 6.0 2.16 3.57×10−11 5

NF/GOD-MC/GC -437.5 7.0 4.1 3.62×10−12 6
a GOx = glucose oxidase; N-CNTs = N-doped carbon nanotubes; C3N4 = carbon nitride; GCE 

= glassy carbon electrode; AuNPs = gold nanoparticles; GOD = glucose oxidase; PVA = 

polyvinyl alcohol; GC = glassy carbon; GCNT = gelatin-multiwalled carbon nanotube; GAD 

= glutaraldehyde; PDDA-HCNTs = poly(diallyldimethylammonium chloride) functionalized 

helical carbon nanotubes; MGCE = magnetic glass carbon electrode; PSS = poly(sodium 4-

styrensulfonate); ITO = indium tin oxide; MC= mesoporous carbon FDU-15.
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Table S2 Performance of 3D structures as bioelectrodes applied in EBFC applicationb.

Anode Cathode
OCP 

(V)

Pmax 

(mW cm-2)
Ref.

GOx/N-CNTs@C3N4/Ni 

foam

Lac/N-CNTs@C3N4/Ni 

foam
0.93 0.570

This 

work

GOx/OMCs/GCE Pt 1.20 0.110 1

GOx/3D-GNs/Fc/GCE
Lac/3D-GNs-PTCA-

DA/GCE
0.38 0.112 2

GOx/C-MEMS Lac/C-MEMS 0.91 0.136 3

GOx/GN/SWCNTs 

aerogel

BOD/GN/SWCNTs 

aerogel
0.61 0.190 4

GOx/CP/LPEI-C6/Fc Lac/CP/MWCNTs/TBAB 0.55 0.024 5

GOx/Pd aerogel/β-

cyclodextrin/Fc
BOD/Pd-Pt aerogel 0.40 0.020 6

GOx/PANI1600@GO/GCE Pt-C/GCE 0.76 0.756 7

GOx/PANI1600@GO/CP Lac/PANI1600@GO/CP 0.78 1.120 8

GOx/PCP/GCE Pt-C/GCE 0.68 0.548 9

GOx/CNCs/GCE Pt 0.59 0.055 10

GOx/PAE BOD/PAE 0.77 0.132 11

GOx/Carbonized RPPy Lac/Carbonized RPPy 1.16 0.350 12

GOx/NQ-LPEI BOD/AnMWCNT 0.78 0.36 13

GOx/TTF/BP Lac/BP 0.511 0.018 14

GOx/AuNPs/CP Lac/SWCNTs/CP 0.60 0.053 15

GOx/CoPc/PBA/BP MnO2/PBA/BP 0.65 0.136 16
b GOx = glucose oxidase; N-CNTs = N-doped carbon nanotubes; C3N4 = carbon nitride; Lac 

= laccase; OMCs = ordered mesoporous carbon; GCE = glassy carbon electrode; 3D-GNs = 

three-dimensional graphene networks; Fc = ferrocence; PTCA = 3,4,9,10-perylene 

tetracarboxylic acid; DA = dopamine; C-MEMS = carbon microelectromechanical systems; 

GN = graphene; SWCNTs = single-wall carbon nanotubes; BOD = bilirubin oxidase; CP = 

carbon paper; LPEI = linear polyethyleneimine; TBAB = tetrabutylammonium bromide; GDH 

= glucose dehydrogenase; PANI = polyaniline; GO = graphene oxide; PCP = porous 
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coordination polymers; CNCs = carbon nanochips; PAE = Au nanoparticle-modified paper 

fibers; RPPy = rectangular polypyrrole; NQ-LPEI = naphthoquinone-LPEI; AnMWCNT = 

anthracene-modified MWCNT; TTF = tetrathiafulvalene; BP = buckypaper; CoPc = cobalt 

phthalocyanine; PBA = 1-pyrenebutyric acid.
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Table S3. The performances of the glucose/O2 BFCs directly using four different kinds of soft 

drinks: iced red tea, aerated water, orange juice, and coconut juice. Price here means the price 

of 1 mL of soft drinks utilized in the glucose/O2 BFCs.

Soft drinks Ucell (V) Pcell (mW cm-2) Price ($)

Iced red tea 0.815 0.414 0.00066

Aerated water 0.864 0.344 0.00043

Orange juice 0.796 0.349 0.0011

Coconut juice 0.708 0.045 0.0024
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Equations

                                                (S1)
𝐸𝑝𝑐 = 𝐸'0 ‒ [ 𝑅𝑇

𝛼𝑛𝐹]𝐼𝑛[ 𝛼𝐹𝑛
𝑅𝑇𝑘𝑠

𝑣]

                                         (S2)
𝐸𝑝𝑎 = 𝐸'0 + [ 𝑅𝑇

(1 ‒ 𝛼)𝑛𝐹]𝐼𝑛[(1 ‒ 𝛼)𝐹𝑛
𝑅𝑇𝑘𝑠

𝑣] 

where E’0 is the formal potential, α is the charge transfer coefficient of the system, v is the 

scan rate, n is the electron transfer number in the reaction, ks is the heterogeneous electron 

transfer rate constant, T, R, and F are temperature, the ideal gas constant and Faraday’s 

constant, respectively.

          (S3)
𝐿𝑜𝑔𝑘𝑠 =  𝛼𝐿𝑜𝑔(1 ‒ 𝛼) + (1 ‒ 𝛼)𝐿𝑜𝑔𝛼 ‒ 𝐿𝑜𝑔( 𝑅𝑇

𝑛𝐹𝑣) ‒ 𝛼(1 ‒ 𝛼)(𝑛𝐹Δ𝐸𝑝

2.3𝑅𝑇 ) 

                                                           (S4)
𝑖𝑝𝑐 =

𝑛2𝐹2𝐴Γ ∗

4𝑅𝑇
𝑣

Where ipc is the cathodic peak current, v is the scan rate, n is the number of electron transfer, 

Γ* is the surface coverage of enzyme, T, R, and F are temperature, the ideal gas constant and 

Faraday’s constant, respectively.


