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Abstract

Development of electrocatalysts for oxygen redurctieaction (ORR) is important to
solve the current problems about energy and fusl.oAe of the catalysts with high
performance, platina group metals (PGM) based ysttalhave been widely known.
However, PGM based catalysts are not suitableai@el commercial application since
the PGM based catalysts are so expensive. In tbik,we have developed TidP25
coated with Co and nitrogen-doped carbon layeragusommercially available and
inexpensive P25 as a support (Co/P25/NC) as ortbeofilternatives to PGM based
catalysts. Co/P25/NC showed an excellent catabditvity on ORR compared to the
other catalysts prepared using gi@rO, and ALO3; as a support. The ORR activity of
Co/P25/NC was comparable to Pt based electroctdalysn addition, Co/P25/NC
showed excellent durability and tolerance towardhaweol compared to the Pt based
catalyst. This work would provide a new synthetrategy of electrocatalysts.
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I ntroduction

High-efficient electrocatalytic processes are exge to solve some of the current
problems of energy, fuel and environment. The reastover electrocatalysts includes
oxygen reduction reaction (ORR), hydrogen oxidaticaction (HOR), oxygen
evolution reaction (OER) and hydrogen evolutiorctieam (HER). Platina group metals
(PGMs) supported on carbon materials have been a#ted as electrocatalysts in these
reactions due to their excellent catalytic perfonoes.!>® However, PGMs are not
suitable in large commercial applications since tost of PGMs is so high. To
overcome the disadvantage of PGMs, various eletiabysts have been developed.
Bimetal catalysts of PGMs and non-PGMs have beeweldped to improve
electrocatalytic performance with decreasing us®@Ms.®*" In particular, it was
reported that Pt/Co or Pt/Ni based bimetal eleatiagsts show excellent catalytic
performance on ORR due to electronic (alloyingeet.’°*? One of the important
factors that decide the performance of bimetal tedeatalysts is structure; e.g.,
core-shell structured bimetal electrocatalysts VAtBMs as the shell show excellent
catalytic performance with small amount of PGMs&wese active sites of PGMs can be
effectively exposed besides alloying effétt?® However, PGMs are still used even in
these bimetal electrocatalysts. In this sense, RBMs electrocatalysts are more
desirable.



Transition metals (Co, Fe, Ni, Mn and Cu) suppoxedcarbon materials have been
expected to be alternative electrocatalyst§3® However, the electrocatalytic
performances of only transition metals supportedcarbon materials are still poor.
Furthermore, these transition metals supportedanbon materials often show inferior
electrocatalytic performance in acid media becdlsse transition metals are dissolved
in acid media. Recently, to improve the catalyrfprmances of the metal supported
carbon materials, heteroatoms such as N, S and®deped on those materidf&:*¥
N coordinated Co or Fe (CoNx or FeNx) on the canmaterials can be excellent active
sites for ORR!** |n addition, electrocatalysts containing thesessishow higher
ORR durability in acid solution compared to thatt@nsition metal oxides supported
on carbon material§® “* However, it is difficult to create these sitesgisely.

As another candidate, non-metals supported on parbaterials have been also
fascinating recently. Heteroatoms (N, S, P and &)ehbeen often doped into carbon
structure to improve their electrocatalytic perfarmmes.*>** In particular, N-doped
carbon materials have been widely known as a pinglison-metal electrocatalyst.
These non-metals supported on carbon materialswaak even in acidic media.
However, their catalytic activity is often loweratt those of metals supported carbon
materials.

In this work, we developed P25 (commercially avaaariO,) based electrocatalyst as
a new candidate. Previously, we synthesized varmrs-shell structured materials.
5485 |n particular, we demonstrated that thin carboellsigraphene) were deposited
on P25 (commercially available and inexpensive,Jiky chemical vapour deposition
(CVD) using methanol or propylene as carbon soufdeln addition, we prepared Co
nanoparticles modified carbon nanotubes with go®RQatalytic performance using
poly vinyl pyrrolidone (PVP) as a protecting agant! NaBH as a reduction agent
Inspired by these findings, we fabricated P25 dateor with cobalt and N-doped carbon
shells by combining the above methods. In this lmoed method, we expect that
highly-dispersed CoNx species can be formed inititerface of TiO2/graphene. In
addition, we also expect that CoNx species canffimeatly exposed to oxygen since
CoNx is located in the shell layer, leading to lghcatalytic performance. As
comparison, we also used other supports such ag 8i€D; and ZrQ. The prepared
samples were characterized by X-ray diffraction DJR X-ray Photoelectron
Spectroscopy (XPS), Thermo Gravimetry (TG), X-ra@ga@ption fine structure (XAFS),
and Transmission Electron Microscopy (TEM) and e¢hextrocatalytic properties were
evaluated.



Experimental
1. Materials

We used P25 (Degussa), $i@l,03; and ZrQ as supports. Sikand ZrQ supports
were obtained from colloidal silica solution (Aldn) or zirconia solution (Nissan
Chemical Industries) by drying at 363 K. As for,®@4, alumina solution (KAWAKEN
Fine Chemicals) was dried at 363 K, and calcined7g K for 9 h to remove the
impurities. Cobalt Nitrate (Wako), poly vinyl pytidone (PVP, Wako), NaBH(Wako)
and ethanol (Wako) were used as cobalt sourceptaqgiing agent, a reduction agent
and solution. Acetonitrile was used as carbon atrdgen sources for chemical vapour
deposition (CVD)

2. Preparation of Co/P25/NC

Firstly, we prepared 1 wt% Co supported P25. Blpiccobalt nitrate and PVP were
dissolved in ethanol, and P25 was added into thaign. The mixture was cooled in an
iced bath, and NaBHwas added dropwise. The mixture was stirred at®R78r 2 h,
and the solution was evaporated at 363 K. To renf¥e, the obtained powders were
calcined at 773 K for 3 h under nitrogen atmosphere

Next, we carried out CVD using acetonitrile asbcar and nitrogen sources to coat
N-doped carbon layers on the prepared supportstoAitele vapour was fed by a
saturator. The treatment temperature and time WéBeK and 1 h, respectively. Finally,
the carbonization was carried out under nitroganoaphere at 973 K for 3 h. The
obtained sample was named as Co/P25/NC.

In order to investigate the effect of supports, syathesized other catalysts using
other supports such as $jOAI,O; and ZrQ. Those samples were named as
Co/SIGQ/NC, Co/AbOs/NC and Co/Zr@NC, respectively. In addition, we also
investigated the effect of the crystalline statdi@,toward ORR activity. We prepared
different TiO, based catalysts using anatase or rutile phase. Tie samples were
named as Co/a-THINC and Co/r-TiQ/NC, respectively.

3. Characterization

The crystal structures of the prepared samples wetermined by X-ray diffraction
(XRD) recorded on the PANalytical X'Pert-MPD dife@mmeter using Cu-& radiation.
Transmission electron microscopy (TEM) images wezeorded. The amount of
deposited nitrogen-doped carbon was estimated leynidn Gravimetry (TG) analyser.
The chemical states were characterized by X-raytdetectron Spectroscopy (XPS)
using a JPS-9000MX spectrometer (JEOL) with Mg $ource radiation (10 kV, 10
mA) as the energy source. The X-ray absorption §tmacture (XAFS) measurement
was performed at BL-3 of the Ritsumeikan SynchrmtRadiation Center (Japan) using



a Si(220) double crystal monochromator. The Co eeAFS spectra were measured
in fluorescence yield mode using a scintillatiomimizr.

4. Electrochemical characterization

Electrochemical activity tests towards ORR wereriedr out at 298 K in a
three-electrode cell with 0.1M KOH electrolyte wgpiran Autolab PGSTAT302
(Metrohm, Netherlands) potentiostat, a Pt wire aanter electrode and Reversible
Hydrogen Electrode (RHE) as reference electroderotating ring-disk electrode
(RRDE, Pine Research Instruments, USA) equippetl wiglassy carbon (GC) disk
(5.61 mm diameter) and an attached Pt ring was as&brking electrode. The samples
were dispersed in a solution of 20 vol.% of isopmog, 80 vol.% of water and 0.02
vol.% of Nafion@ to prepare a final dispersion ofgml of the prepared catalysts. And
then, 100 pl (mass of electrode is 400 pgjonf the dispersion was pipetted on a GC
electrode to obtain uniform catalysts layer for ORRdy. The sample on the GC was
dried by heating lamp for evaporation of the sotveé®yclic Voltammetry (CV) and
linear sweep voltammetry (LSV) from 1 to O V werarreed out. The CV was
performed in N saturated atmosphere at 5 and 50 mV/s. The LSV deag in an
O,-saturated atmosphere for different rotation rdtesveen 400 and 2025 rpm at 5
mV/s. The potential of the ring was kept at 1.5\ éime ring current by D, oxidation
was also measured during the LSV measurement. [Blo&ran transfer numben) of
ORR on the catalysts modified electrode was detexchby the following equatidff’.

n=(4x1g)/(Ig+/N)

wherely is disk current), is ring current, and\ is the collection efficiency of the ring
which was experimentally determined to be 0.37.

Results and discussion

Fig. 1 shows the XRD patterns of X and Co/X/NC ks, where X= P25, SiD
Al,O3 and ZrQ. The specific peak around 25 degrees was detatte€RD patterns of
P25 and Co/P25/NC. This specific peak is derivethfanatase phase. However, a peak
at around 27 degrees which is derived from rutihage was also found. Therefore,
although P25 and Co/P25/NC have mainly anataseephaiile phase is also included
as impurity. The intensity of Co/P25/NC at arourfddegrees was higher compared to
P25, suggesting that some anatase phase changedtite phase during the thermal
treatments such as removal of PVP, CVD or carbtioizaThere is only a broad peak
in the XRD pattern of Sig) indicating that Si@Qhas amorphous phase. Meanwhile, in
the XRD pattern of Co/SiEINC, a specific peak was observed around 22 degites
result shows that crystalline structure of SMdas transformed during some thermal



treatments such as removal of PVP, CVD or carbdioizaAs for ALO3; and ZrQ based
samples, there are no changes in their XRD pattdims is because AD; and ZrQ
supports are thermally stable under our treatmentliions. However, there are no
peaks derived from cobalt species in XRD patterhsCo/X/NC even though the
presence of Co species was confirmed by XPS asrshelow. This result suggests that
large particles (larger than a few nm) were notnied. In addition, there are no broad
peaks derived from carbon in XRD patterns of Co/X/Nhdicating that the deposited
carbon layers are very thin.

The TEM images for prepared catalysts are showign2. Cobalt nanoparticles were
clearly observed in the TEM images of Cod/NC. Meanwhile, as for the others,
cobalt nanoparticles were not observed, exhibitireg Co/P25/NC, Co/SiKJNC and
Co/ZrG,/NC have very small Co species (smaller than 1 fiimgse results also suggest
that highly dispersed cobalt species could be fealdy formed on P25, Siand ZrQ
using PVP as a protecting agent and NaBsla reduction agent.

We estimated the deposition amount of N-doped cadio the supports using TG
analysis. The deposition amounts of N-doped carwonCo/P25/NC, Co/Si©/NC,
Co/Al,O3/NC and Co/ZrgINC were 3.2 wt%, 0.3 wt%, 5.7 wt% and 6.9 wt%,
respectively. These results exhibit that N-dopedbaa cannot be formed on Si@y
CVD at 773 K using acetonitrile vapour. This resollicates that the surface of HiO
Al, O3 and ZrQ shows catalytic activity for dehydrogenation andnaatization of
acetonitrile.

Fig 3 shows XPS spectra of Co 2P and N 1s. Sigiatlised from Co species were
detected in all samples. However, the intensity Guf/P25/NC was much lower
compared to the other samples although the amdu@bavas similar in all samples.
This result suggested that Co species of Co/P25id€2 well covered with carbon
layers. Meanwhile, signals derived from N were dit@ in all samples, indicating
N-doped carbon layers were successfully formedumnoethod. However, the intensity
of the signals on Co/SUINC was lower than those on the otlsamples. This is
because the amount of N-doped carbon on Ce/Sf®was much lower compared to
the other samples. In addition, the intensity ofAC#s/NC was lower than those on
Co/P25/NC and Co/Zr¢INC although the amount of carbon on Co@¥NC was
enough high, indicating that P25 and Z@e good catalysts to facilitate the formation
of carbon layers with high content of N. The spmcbf all samples could be
deconvoluted into three peaks derived from pyrdinN (around 398 eV),
pyrrolic/pyridonic N (around 399 eV) and quaternafy (around 401eV),
respectively?



We also performed Co K-edge XANES measuremenisvestigate the chemical
state of Co species in more detail. Co K-edge XAISR&ctra were shown in Fig 4. The
Co K-edge XANES spectra of Co/P25/NC and CoXNT were different from those
of Co/SIGQ/NC and Co/AdO3/NC. The Co K-edge XANES spectra of Co/P25/NC and
Co/ZrO,/NC were similar to those of carbons with CoNx spec*® ®7 % suggesting
thatCo/P25/NC and Co/ZHINC have CoNx species.

The CV curves for Co/P25/NC, Co/SINC, Co/ALOs/NC and Co/Zr@NC are
shown in Fig. 5(a). The gravimetric capacitances Q/P25/NC, Co/Si&NC,
Co/Al,O3/NC and Co/Zr@NC are 10.2, 0.8, 3.2 and 10.7 F/g, respectividlg amount
of N-doped carbon for Co/SYINC was much lower compared to the other samples,
leading to low conductivity. Co/AD3s/NC showed a lower capacitance than Co/P25/NC
and Co/ZrQ/NC despite the amount of N-doped carbon on G&4NC is higher than
in the case of Co/SKINC sample. One possible reason is that N contént o
Co/Al,O3/NC was lower than those of Co/P25/NC and CoMMC. The other
possible reason is that larger particle size tmatlyces a lower electroactive surface
area decreasing the capacitance. The LSV curvesharen in Fig. 5(b). Co/P25/NC
showed the most superior catalytic performance O&R. Meanwhile, Co/Si&NC
showed the most inferior catalytic performance.sTikibecause the deposition amount
of N-doped carbons was very small, which resultgerry low conductivity. Meanwhile,
Co/Al,O3/NC showed inferior catalytic performance compatedCo/P25/NC and
Co/ZrG,/NC although the content of N-doped carbon was.Hegveral groups reported
that CoNx species are effective active sites folROR “**4 Co/ALOs/NC had larger
cobalt nanoparticles than Co/P25/NC and Co/¥G. Due to this, the amount of
CoNx on Co/A}Os/NC was smaller than those on Co/P25/NC and Co/RO. In
addition, the conductivity of Co/ADs/NC was lower compared to Co/P25/NC and
Co/ZrG,/NC. This low amount of CoNx and low conductivityy @o/Al,Os/NC would
lead to the inferior catalytic performance comparedCo/P25/NC and Co/ZiINC.
Although Co/ZrQ/NC had CoNx species like Co/P25/NC, Co/Zi0C showed
inferior catalytic performance to Co/P25/NC. In fieM images of Co/ZrgNC, large
cobalt species were not observed. However, intergitCo/ZrG/NC on Co 2p was
stronger compared to Co/P25/NC. The results inditteit Co species on Zs@ere not
completely covered with N-doped carbon. These uealcobalt species cannot act as
efficient active sites for ORR. Meanwhile, coveregbalt species would be CoNXx
species on carbon which are proposed as activefsitéORR. Thus, although N-doped
carbon layers were almost completely depositedatrale species of Co/P25 by CVD,
N-doped carbon layers were not completely depositedobalt species of Co/Zs®y



CVD. Owing to this, Co/Zr@NC showed inferior catalytic performance on ORR to
Co/P25/NC.

In order to investigate the effect of crystal stawe of TiQ, on ORR, we prepared
Co/a-TiO2/NC and Co/r-TigNC using TiQ with anatase or rutile phase, respectively.
LSV curves of Co/a-TigNC and Co/r-TiO2/NC are shown in Fig. 6. Co/a-FNXIC
showed better catalytic performance than Co/r./N@. From the TEM images (Fig.
S1), it was confirmed that Co/r-THDNC had larger cobalt nanoparticles than
Co/a-TiQ/NC, exhibiting that highly dispersed cobalt specweere formed on Ti©
with anatase phase. Furthermore, the conductiitC@a-TiQ/NC was higher than
Co/r-TiO,/NC. This result indicates that N-doped carbon iayeith high conductivity
were favourably formed on TiOwith anatase phase. In short, anatase phase @f TiO
contributed to the formation of highly dispersedald species and N-doped carbon
layers with high conductivity on the support.

LSV curves over Co/P25/NC and Pt-based catalyststaown in Fig. 7. The catalytic
performance of Co/P25/NC with 400 &g’ was worse than that of commercial 20
Wt% Pt/C with 400 pgdcn?. This is because 20 wt% Pt/C has high contenttof P
However, high loading of Pt disturbs the commer@gaplication in terms of cost
because the cost of Pt-based catalyst is contrbieitie amount of Pt. Decreasing the
amount of Pt is so desirable. Actually, in somegrapL SV curves of 20 wt% Pt/C with
smaller amount of catalyst on the disk were appéisdeference compared to those of
non-PGM catalysts on the disR® “>*So, we discussed the catalytic property based
on the amount of metals on the disk in order tcestigate the efficiency of loaded
metals. The current density of Co/P25/NC and 20Wwt% with different amounts of
catalyst on the disk at 0.65 V are summarized iblefd. The current density of
Co/P25/NC with 400 pgicn? (3 pgJ/cnr) at 0.65 V was better than that of 20 wt%
Pt/C with 50 and 25 pg/cn’ (10 and 5 pg/cn?, respectively), although Co content on
the disk was lower than Pt content on the diskhésé conditions. We also investigated
the catalytic performance of commercial Pt/C caomiey similar amount of loaded
metals (1 wt%) with Co/P25/NC because there isssipdity that the high loading of Pt
makes the efficiency of Pt decreased. The catghgitormance of Co/P25/NC with 400
Haafcm? (3 pgoen?) was better than that of commercial 1 wt% Pt/Chwd00
Haafcn? (4 pgdenr) despite that the Co content on the disk was Idhen Pt content
on the disk Pt/C even in this condition. Hencesg¢heesults indicate that Co species of
Co/P25/NC is an efficient active site for ORR.

We also investigated the durability and methandéramce of Co/P25/NC. The
durability test was conducted by RDE chronoampetomender steady state mass



transport conditions (0.65 V vs. RHE). As for thethanol tolerance. We added 1M
methanol after 120 min reaction. The results amvshin Fig. 8. The relative current
density of 20 wt% Pt/C decreased to 89 % after 2@ After adding methanol, the
current density of 20 wt% Pt/C dramatically dropmkxivn. This is because methanol
decomposes on Pt forming adsorbed CO poisoningPtheurface!”. Meanwnhile,
Co/P25/NC showed higher relative current densidy%® after 120 min compared to 20
wt% Pt/C. In addition, significant decrease of thierent density of Co/P25/NC was not
observed after adding methanol. The result showaidd@o/P25/NC is a suitable catalyst
in terms of durability and methanol tolerance.

Conclusion

We have successfully synthesized P25 coated witha@b nitrogen-doped carbon
layers (Co/P25/NC). Some characterizations sugdesia Co/P25/NC had sufficient
CoNx species compared to other samples prepared) &, Al,O; and ZrQ as
supports. It was found that P25 was the best stipp@chieve the formation of CoNx
in the shell layers. Thanks to the presence of Cgpécies in Co/P25/NC, Co/P25/NC
showed excellent catalytic performance for ORR. Tlreent density of Co/P25/NC at
0.65 V vs. RHE was better than that of 1 wt% Pt@ aomparable to that of 20 wt%
Pt/C despite the Co content of Co/P25/NC was varglls indicating that Co/P25/NC
has efficient metal active sites for ORR. In adufifi Co/P25/NC showed better
durability than 20 wt% Pt/C, and methanol toleranteCo/P25/NC was much better
than that of 20 wt% Pt/C. This work provides a newight for designing of
electrocatalysts.
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Figure and Table captions

Fig. 1 XRD patterns of (a) P25 based samples, i®) Based samples, (c) A); based
samples and (d) Zrlbased samples.

Fig. 2TEM images of (a) P25 based samples, (b),®i&ed samples, (c) A based
samples and (d) Zribased samples.

Fig. 3 XPS spectra of Co/P25/NC, Co/gidC, Co/ALOs/NC and Co/ZrQ/NC on (a)
Co 2p and (b) N 1s.

Fig. 4 Co K edge XANES spectra of Co/P25/NC, CoiNC, Co/ALOs/NC and
Co/zZrG,/NC.

Fig. 5 (a) Steady state voltammograms pasiturated 0.1 M KOH with a scan rate of
50 mV/s, (b) LSV curves and (c) electron transfember during ORR in ©saturated
0.1 M KOH at 1600 rpm with a sweep rate of 5 m\WgroCo/P25/NC, Co/SigNC,
Co/Al,O3/NC and Co/Zr@/NC.

Fig. 6 LSV curves in @saturated 0.1 M KOH at 1600 rpm with a sweep oate mV/s
over Co/a-TiQ/NC and Co/r-TiQ/NC.

Fig. 7 LSV curves in @saturated 0.1 M KOH at 1600 rpm with a sweep oate mV/s
over Co/P25/NC, 1 wt% Pt/C and 20 wt% Pt/C witHedtdnt amounts of catalysts.

Fig. 8 Relative current density versus time ovefR286/NC and 20 wt% Pt/C. (After
120 min, 1M methanol injected).

Table 1 Summary of current density @ 0.65 V vs. RiWEr Co/P25/NC, 20 wt% Pt/C
and 1 wt% Pt/C.
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Table 1

Amount of
catalysts Co or Pt Current density @ 0.65V
on the disk vs. RHE [mA/cn]
[ug/ent]
Co/P25/NC 3 431
20 wt% Pt/C 5 294
10 3.98
20 473
80 5.24
1 wt% Pt/C 4 271




