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Fig. S1 Temperature-time profile for CVD growth of G/hBN.
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Fig. S2 Schematic sketch of synthesis process of G/hBN hybrid domains.



Fig. S3 (a) TEM and (b) HR-TEM images of exfoliated hBN. Fig. c and Fig. e shows the 
AFM images of the exfoliated hBN and as-obtained G/hBN sample respectively. The 
corresponding height profiles of the sheets along the marked lines are shown in Fig. d (hBN) 
and Fig. f (G/hBN).
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Fig. S4 Raman spectra of bulk hBN and exfoliated hBN.
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Fig. S5 EDAX spectra of (a) exfoliated hBN and (b) as-obtained G/hBN.
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Fig. S6 Micro-Raman spectra of G/hBN and graphene deposited on the Cu foil which is used 

to cover the boat (Graphene grown on Cu). 
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Fig. S7 Raman mapping image of G/hBN at different wavenumbers.



Fig. S8 The FT-IR spectra of exfoliated hBN and as-obtained G/hBN material.
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Fig. S9 Relaxed intermediates noting O-O and C-O bond distances for individual steps in the 

4 e ORR.



Fig. S10 Local Density of States (LDOS) with up (red) and down (blue) polarisations for all 

four intermediates, where *O2 and *O are plotted with an isovalue of 0.01 e/ Å3 and *OOH 

and *OH are plotted with an isovalue of 0.0005  e/Å3. (C-yellow, B-purple, N-dark blue, H-

sky blue, O-Red).

Fig. S11 Reaction pathways without (red) and with (green) water.



Table S1:  XPS elemental compositions (% atomic concentration) of hBN and G/hBN, as 

determined from the full‐range XPS spectra (Fig. 3a).

Samples Content (At%)

B N C O Si

hBN 40.07 ± 0.11 40.89 ± 0.11 14.65 ± 0.16 4.13 ± 0.11 0.25 ± 0.05

G/hBN 20.34 ± 0.09 19.24 ± 0.08 55.65 ± 0.12 4.52 ± 0.08 0.26 ± 0.05



Table S2: A comparative chart showing the ORR activities of various doped graphene systems (B or N doped or co-doped) and the present 

work.

Catalysts Medium Synthesis Method
Catalyst 
loading

(mg/cm2)

Eonset
(mV vs 
RHE)

Current 
density (JL)
(mAcm-2)

Number of 
electron 
transfers

References

B, N co-doped graphene 0.1 M KOH Hydrothermal and thermal
annealing procedure ~0.1 794# ~5.5@0.164 V# 3.8 R1

3D B,N doped-graphene Foam 0.1M KOH Chemical vapor deposition 
(CVD) method Not available 804# ~3.8@0.464 V# 3.4-3.8 R2

N-doped reduced graphene oxide 0.1 M KOH Wet chemical
reaction Not available 764# ~3.0@0.164 V# 2.6 R3

N-doped 3D graphene network 0.1 M KOH CVD ~0.1 864# ~5.5@0.164 V# 3.7 R4
N-doped graphene 0.1 M KOH CVD ~0.0635 784# ~0.8@0.164 V# 3.6-4.0 R5

B incorporated graphene 1.0 M KOH Spin-on dopant method Not available 823# ~0.45 at 0.723 V# Not available R6
N-doped graphene (HNG) 0.1 M KOH Hydrothermal reduction ~0.1 764# Not available 3.0 R7

N-doped graphene (NG) 0.1 M KOH Pyrolysing GO in presence 
of melamine ~0.1 811# Not available 2.5-3.4 R8

Boron doped graphene 0.1 M KOH Thermal annealing ~0.052 915# ~0.3@0.464 V# 3.5 R9

B, N co-doped graphene (BNG) 0.1 M KOH Microwave-hydrothermal 
synthesis Not Available 730 ~0.6@0.2 V ~2.0 R10

Two-step boron, nitrogen co-doping 
of graphene (B,N-graphene) 0.1 M KOH Thermal annealing method 0.282 860# ~5.01@0.364 V# 3.8-3.9 R11

Single-step boron, nitrogen doping of 
graphene (h-BN/graphene) 0.1 M KOH Thermal annealing method 0.282 744# ~2.42@0.364 V# 3.4-3.5 R11

Graphene-hBN non-van der Waals 
vertical heterostructures (G/hBN) 0.1 M KOH CVD 0.282 780 ~4.5@0.3 V 3.6-3.8 Present Work

G/hBN on Au  electrode 0.1 M KOH CVD 0.282 930 -- -- Present work
# converted potentials (with respected to RHE) from the reported potentials in the reference.
E (vs. RHE) = E (vs. Ag/AgCl) + 0.059pH + 0.197
E (vs. RHE) = E (vs. SCE) + 0.059pH + 0.244
Note: For the actual reported potential values please refers the respective cited reference.



Table S3: DFT calculated energies and free energies for intermediates formed in the 4 

electron transfer ORR (all energies are in eV).

Intermediates

ΔE

(normalised 
to final 
energy)

ZPE -TΔS ΔG(normalised 
to final energy)

ΔG - eU

(U = 0 V)

ΔG - eU

(U = 1.23 V)

*O2 4.658567 0.0 0.0 4.998567 4.998567 0.078567

*OOH 3.6815505 0.19 0.21 4.4215505 4.4215505 0.7315505

*O 3.053443 0.03 -0.47 2.613443 2.613443 0.153443

*OH 0.9382335 0.10 0.21 1.5882335 1.5882335 0.3582335

* + 2H2O 0 0.13 -0.47 0 0 0

The relaxed coordinates for *OOH intermediate:

 B   6.51982510   12.67896329    6.28805915  

 B   9.02879381   12.72220175    6.20623285  

 B   7.80809579   10.89900411    5.22597219  

 N   6.54355859   11.28704043    5.89022633  

 N   9.05455474   11.29390286    5.89128665  

 N   7.75191952   13.38928649    6.28708751  

 N  10.26427413   13.42128931    6.38906769  

 N  11.51064499   11.35950497    6.12720373  

 B  11.52815339   12.76693371    6.31616208  

 B  10.31840482   10.58436183    5.91399408  

 B   5.41051520   10.46239507    6.19498055  



 B   6.27726832    8.13683443    5.28672137  

 B   9.44606585    8.20337569    5.19489434  

 N   5.45701872    9.04180918    6.06022820  

 N  10.38809585    9.11520374    5.85474409  

 N   6.68522273    6.88428416    5.91722603  

 N   9.19848180    6.90091068    5.84603094  

 N  11.58961412    7.00303943    6.38939286  

 B  11.56075424    8.43069996    6.33834613  

 B  10.39279432    6.23270904    6.31372066  

 B   7.93876645    6.23214361    6.07729807  

 H   7.94230455    5.11772819    6.58464181  

 H   4.42731400   10.96081789    6.72499995  

 H   5.47607548   13.22296086    6.61057805  

 H  12.57443181   13.38395587    6.42762138  

 H  12.54853473    9.03668598    6.71984725  

 H  10.38028133    5.05641542    6.64219573  

 H  12.40945734   10.85519597    6.11975029  

 H  12.45942386    6.53786568    6.68598382  

 H   5.94057812    6.45183847    6.49436016  

 H   4.83583200    8.56000879    6.73509796  

 H   7.73112053   14.39888035    6.49235545  

 H  10.24205570   14.43804636    6.55081235  

 C   2.89663470    2.02111954    2.30367033  

 C   1.66138269    2.73886281    2.30301822  

 C   1.65686813    4.16443718    2.31830272  



 C   2.89569557    4.87692261    2.36636511  

 C   5.36609423    2.02311453    2.35949317  

 C   4.13115188    2.73283764    2.33196056  

 C   4.12505287    4.15767796    2.39117506  

 C   5.35384519    4.86290234    2.56909173  

 C   7.83704254    2.01796607    2.43076843  

 C   6.60317848    2.74360420    2.43376124  

 C   6.60416433    4.15522707    2.56706721  

 C   7.84058387    4.86666832    2.72506897  

 C  10.30210274    2.01833144    2.41946387  

 C   9.06720243    2.73105992    2.46319998  

 C   9.06652534    4.15301737    2.57619219  

 C  10.29686977    4.86821983    2.53658177  

 C  12.76869716    2.02155923    2.39410978  

 C  11.53518785    2.73399612    2.41420104  

 C  11.53450489    4.16029073    2.44032399  

 C  12.76368450    4.87488826    2.43269582  

 C  15.23774195    2.02167667    2.36381356  

 C  14.00286336    2.73632981    2.37750466  

 C  14.00041384    4.16266367    2.39091238  

 C  15.23544428    4.87431153    2.38908278  

 C   2.89458837    6.29970878    2.44860852  

 C   1.65966901    7.01778554    2.41651485  

 C   1.66745588    8.44099091    2.48459584  

 C   2.91296771    9.14748782    2.59825628  



 C   5.31641411    6.25185476    2.77417535  

 C   4.12388744    6.99200309    2.65023226  

 C   4.14522451    8.44052051    2.72981560  

 C   5.33474277    9.13697808    3.13558236  

 C   7.86962694    6.25669432    3.03363784  

 C   6.59519110    7.05787680    2.87466184  

 C   6.36471908    8.28136667    3.73767974  

 C  10.29941281    6.28218360    2.67379694  

 C   9.09461448    6.95617867    3.05910701  

 C   9.27071069    8.29239797    3.63176140  

 C  10.30019769    9.12492792    3.01466180  

 C  12.75888828    6.30326461    2.48322464  

 C  11.52854106    7.00531770    2.59835307  

 C  11.51189597    8.43800530    2.66198010  

 C  12.75293205    9.14812583    2.59586455  

 C  15.23318772    6.30404106    2.42527175  

 C  13.99811460    7.01545091    2.46668084  

 C  13.99584506    8.43813372    2.52129031  

 C  15.23921636    9.14647008    2.54505559  

 C   2.90352796   10.57362340    2.66493512  

 C   1.66571576   11.28697069    2.60062442  

 C   1.66266513   12.71221185    2.61514888  

 C   2.89902365   13.42106322    2.62262720  

 C   5.35660006   10.56861148    3.07479977  

 C   4.13497814   11.27789565    2.79700954  



 C   4.13033042   12.70352289    2.69528408  

 C   5.36506145   13.41215998    2.66132257  

 C   7.82489655   10.77883344    3.66052211  

 C   6.59570421   11.30313282    3.09763639  

 C   6.59613925   12.69148519    2.74840618  

 C   7.82967441   13.41615423    2.70915388  

 C  10.28748716   10.56073696    3.00141158  

 C   9.05342366   11.29554992    3.07160591  

 C   9.06126635   12.69175350    2.74779286  

 C  10.29613961   13.41036285    2.67895771  

 C  12.75803800   10.57182494    2.67079139  

 C  11.51947466   11.27366769    2.76701130  

 C  11.53112188   12.70062542    2.71321007  

 C  12.76618206   13.41814970    2.68562910  

 C  15.23733002   10.57340919    2.60559523  

 C  13.99950370   11.28331513    2.64518292  

 C  14.00280191   12.70890788    2.67418858  

 C  15.23764519   13.42148062    2.66036096  

 C   2.89873488   14.84802159    2.58656716  

 C   1.66341457   15.56423579    2.58082532  

 C   1.66201126   16.99101612    2.56721215  

 C   2.89711174   17.70293801    2.55688846  

 C   5.36610376   14.84062961    2.60427934  

 C   4.13344537   15.55936443    2.58236656  

 C   4.13277081   16.98912490    2.56987745  



 C   5.36579159   17.70479318    2.58650133  

 C   7.83214964   14.83733559    2.64545492  

 C   6.59844761   15.55858194    2.61233368  

 C   6.59943076   16.98409313    2.60747542  

 C   7.83348999   17.70060310    2.63573976  

 C  10.29812340   14.83959800    2.65260392  

 C   9.06589970   15.55596020    2.64186437  

 C   9.06607528   16.98380669    2.64055115  

 C  10.29975769   17.69985279    2.64781785  

 C  12.76793277   14.84561636    2.66906398  

 C  11.53293093   15.55737148    2.65905129  

 C  11.53426173   16.98577238    2.65157791  

 C  12.76764914   17.70149246    2.64513992  

 C  15.23792389   14.84832258    2.65096446  

 C  14.00266470   15.56127516    2.65639761  

 C  14.00272157   16.98820625    2.64267377  

 C  15.23729903   17.70094794    2.62158812  

 O   6.63203124    7.42987561    1.45447694  

 O   7.61269464    8.52522528    1.30361404  

 H   6.98454372    9.14772658    0.83371802  
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