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Abstract: Fuel cell and metal-air batteries are green batteries which directly convert chemical energy into
electricity, possessing important merits compared to the traditional energy, examples of high energy density,

safety and environmental benignity. However, the low reserves, high cost, easy poisoning and deactivation of
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precious metal platinum (Pt) used in cathodic oxygen reduction reactions (ORR) have severely limited the
development of the fuel cell in large-scale. Therefore, the research on development of cheap, efficient and stable
non-precious metal catalyst has become a hotspot. Carbon nanotubes (CNTs), owning to the outstanding feature
such as the intrisic sp® hybrid structure, excellent conductivity, high specific surface area, good chemical
stability, etc, have received wide attentions. Firstly, the recent progress in the noble-metal-free CNTs-based ORR
catalysts were summarized, mainly including non-metal element doping, transition metal-nitrogen-CNTs, CNTs
supported transition metals and their derivations (oxides, carbides, nitrides, sulfides, etc), CNTs supported single
(graphene, porous carbon, carbon nanofibers) and self-standing

atoms, composited with other carbon materials

electrodes based on CNTs. Finally, the prospect and the future research direction of CNTs-based ORR catalysts

are also discussed.
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K1 (a) VA-NCNTs 1 SEM K&l; (b) VA-NCNT/GC 19 CV I £k; (c) ANFFEM 1 LSV gtz 1, 2 #1 3 4351
RFEH NA-CCNT/GC, Pr-C/GC Fl NA-NCNT/GC HH%); (d) NCNTs F L iy 25 2 53 A [0
Fig.1 (a) SEM image of VA-NCNTs; (b) CV curves for ORR at the unpurified (upper) and electrochemically purified (bottom)
VA-NCNT/GC electrodes in the argon-protected (dotted curves) or air-saturated 0.1 mol- L' KOH (solid red curves) at
the scan rate of 100 mV+s™; (¢) LSVs curves at the Pt-C/GC (curve 1), VA-CCNT/GC (curve 2), and VA-NCNT
(curve 3) electrodes; (d) Calculated charge density distribution for the NCNTs?
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(a) TEM image of SN-CNTs; (b) Corresponding mappings of C, S, N and O
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Fig.4

(a) Schematic diagram of the synthesis of Fe-N-C/VA-CNT; (b) TEM and HRTEM images of Fe-N-C/VA-CNT;

(¢) LSV curves of different catalysts in O-saturated 0.5 mol - L™ H,SO, solution®
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Fig.5 (a) SEM image of N-CNTs-650, the inset shows the corresponding HTTEM image; (b) LSV curves of different catalysts in

Oy-saturated 0.1 mol- L™ KOH solution; (c) UPS spectra collected using He T (21.2 eV) radiation. Inset shows the enlarged
view; (d) Schematic of Co confined in N-CNTs for the ORR process™
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Fig.7 (a) XRD patterns and (b) TEM image of PMF-800; LSV curves of PMF-800 and Pi/C catalysts in Oy-saturated
0.1 mol-L™" KOH (c) and (d) 0.5 mol - L™ H,SO, solution™
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(d) LSV curves of different catalysts in O,-saturated 0.1 mol- 1" KOH solution!"
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of 0.48 mg cm™) at 1 600 r-s™ of different samples in 0.1 mol-L™" KOH; (c) Electron transfer numbers at 0.44 V
of different samples; (d) Scheme of the 3D interconnected structure of NG/Co-CNT/CNF!2
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Table 1 ORR performance of the typical CNTs-based noble-metal-free electrocatalysts
Onset Half-wave Electrons
) i Tafel slope /
Catalyst Category Electrolyte potential / V potential / V transfer (V- dec™) Ref.
myV -dec
(vs RHE) (vs RHE) number (n)

CNT/HDC 0.1 mol-L™' KOH 0.92 0.82 65 [28]
N-CNT-900-NHj; 0.1 mol-L™' KOH 1.02 0.88 3.88 82 [33]
N-CNTs aerogels 0.1 mol-L™! KOH 0.89 0.69 3.85 [37]
N-S-B-CNTs 0.1 mol-L"' KOH 0.90 0.75 3.98 [38]
N,P-CNTs 0.1 mol - L' KOH 0.95 0.79 3.97 [43]

Non-metal
VA-BCNNTs 0.1 mol - L' KOH 0.89 0.74 4.00 [45]

element
BPNDC . 0.1 mol - L' HCIO, 0.82 0.65 [47]

doping
N-CNTs-HGF 0.1 mol- L' KOH 1.08 0.85 3.90 72 [119]
N,P-CGHNs 0.1 mol-L™* KOH 0.94 0.82 4.00 [120]
NGPC/NCNTs 0.1 mol- L™ KOH 0.90 0.78 3.94 56 [124]
NCNT/CNFs 0.1 mol- L™ KOH 0.89 0.76 3.80 [127]

0.1 mol-L" C10,4 0.90 0.67 3.90

Surface
PDDA-ACNT o 0.1 mol - L' KOH 0.90 0.69 3.72 [48]

modification
FePPc/CNT 0.1 mol- L' KOH 1.03 0.93 [50]

0.5 mol - L H,S0, 091 0.80 3.90

Fe-N-C/VA-CNT 0.5 mol - L' H,S0, 0.97 0.79 3.92 [55]
pCNT@Fe@GL 0.1 mol-L™' KOH 0.97 0.87 3.96 65 [56]

Transition

0.92 0.82 3.94 89

metal-
ZIF'-FA-p . 0.1 mol - L' HCIO, 0.95 0.81 3.99 [57

nitrogen-CNTs
Fe-CNT-PA 0.5 mol - L H,S0, 0.94 0.78 4.00 [58]
CoCNT-650 0.1 mol-L™' KOH 0.87 0.77 3.82 [59]
CNT/(N-C)-800 0.1 mol - L' KOH 0.97 0.82 4.0 66 [123]
Fe-N-CNT-OPC 0.1 mol - L' KOH 0.94 0.80 3.78 [125]
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Co@NCNT 0.1 mol- L' KOH 1.03 0.83 3.90 94 [63]
Co-600-800 0.1 mol- L' KOH 0.94 0.79 3.84 84 [66]
N-CNTs-650 0.1 mol L™ KOH 0.93 0.85 3.93 [70]
Metal/CNTs
NCNTFs 0.1 mol-L™" KOH 0.98 0.87 3.97 64 [71]
0.5 mol - L' H,S0, 0.85 0.72 3.88
NG/Co-CNT/CNF 0.1 mol-L™" KOH 0.89 0.75 3.73 [126]
y-Fe;04/N-CNTs 0.1 mol-L™" KOH 0.79 0.61 3.11 [76]
Co0,/CNTs 0.1 mol-L™! KOH 0.83 0.69 [80]
VACNTs-MnO, 0.1 mol - L' KOH 0.87 0.63 3.83 [81]
N-MWCNT/MnCo,0, Metal oxides/ 0.1 mol-L™" KOH 0.86 0.75 3.90 [87]
CMO-3.9/CNT CNTs 0.1 mol- L' KOH 1.01 0.86 3.90 65 [89]
ZnCo,0/N-CNT 0.1 mol - L' KOH 0.95 0.87 3.80 52 [90]
Cos04/N-CNT aerogel 0.1 mol - L' KOH 0.90 0.79 4.00 84 [136]
Cos0,~-NCNT/SS 0.1 mol-L™* KOH 0.95 0.80 51 [137]
NG/CNT/Co50,4 0.1 mol- L™ KOH 0.93 0.83 3.97 [135]
Fe;C/NCNTs/OBP 0.1 mol- L™ KOH 1.01 0.87 4.20 74 [64]
BCNFNHs 0.1 mol- L™ KOH 0.99 0.84 3.99 91 [93]
0.5 mol - L' H,S0, 0.89 0.62 4.00 134
Metal
Fe-N-C@CNT o 0.1 mol-L KOH 0.93 0.79 87 [94]
carbides/
0.1 mol- L' HCIO, 0.93 0.79
CNTs
Fe;C@N-CNT 0.1 mol- L' KOH 0.97 0.85 3.95 78 [95]
Fe@C-FeNC 0.1 mol L' KOH 1.02 0.899 3.95 68 [96]
Fe@C-NG/NCNTs 0.1 mol-L™" KOH 0.93 0.84 3.90 49 [122]
Metal
Cu;N@CNT 0.1 mol- L™ KOH 0.71 0.554 3.50 [99]
nitrides/CNTs
CosSyCNT Metal 0.1 mol-L™! KOH 0.94 0.82 3.83 59 [103]
NiCo,S/N-CNT sulfides/CNTs 0.1 mol-L™" KOH 0.93 0.80 3.82 56 [105]
Fe-N-CNTAs 0.1 mol - L' KOH 0.97 0.88 4.00 87 [109]
CNTs
S,N-Fe/N/C-CNT : 0.1 mol - L' KOH 0.96 0.85 4.00 [110]
supported
Co-CsN/CNT . 0.1 mol - L' KOH 0.90 0.84 52 [113]
single atoms
Co-P,N-CNT 0.1 mol - L' KOH 0.92 0.81 3.86 [114]
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