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Figure 12 - RDE data for second generation catalysts - Graphene oxide and Ketjen black

As seen from the above RDE the onset potential for Ketjen Black EC-300 is 0.45 V while that for
graphene oxide is 0.36 V. But, the onset potential for BP2K was 0.49 V and it remained better

than the other carbon blacks used.

Oxidative pretreatment of the carbon surface is known to have an effect on the performance of
the catalyst35. In order to better understand these effects on covalent binding of 1,2,4-triazoles
through diazotization, we designed a set of experiments. Figure 13 shows a schematic
representation of this experiment set. RDE curves obtained from samples prepared following

the experimental design are shown in figure 14.
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Figure 37 - XPS data for model componds when anchored on unmodified BP2K

For Vulcan XC-72,

Figure 38 - XPS data for model compounds
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Anchored Ligands on Vulcan XC-72
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Figure 39 - XPS data for model compounds when anchored on unmodified Vulcan XC-72

As it can be seen from the data above, the signal to noise ratio for BP2K is much higher as
compared to the Vulcan XC-72. This leads us to believe that the surface of BP2K is better

suited for chemical modification as compared to Vulcan XC-72.

2.5.2. X-ray diffraction (XRD)

X-ray powder diffraction (XRD) is a rapid analytical technique primarily used for phase
identification of a crystaline material. It can also provide information on unit cell
dimensions. Crystalline substances act as three-dimensional diffraction gratings for X-ray
wavelengths. When X-rays interact with a crystalline substance, one gets a diffraction pattern.
X-ray diffraction is based on constructive interference of monochromatic X-rays and a crystalline

sample. These X-rays are generated by a cathode ray tube, filtered to produce monochromatic
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radiation, and directed toward the sample. The interaction of the incident rays with the sample
produces constructive interference (and a diffracted ray) when conditions satisfy Bragg's
Law (nA=2d sin 6). This law relates the wavelength of electromagnetic radiation to the diffraction
angle and the lattice spacing in a crystalline sample. These diffracted X-rays are then detected,
processed and counted. By scanning the sample through a range of 20 angles, all possible
diffraction directions of the lattice should be attained due to the random orientation of the
powdered material. By comparing the positions and intensities of the diffraction peaks against a

library of known crystalline materials, the target material can be identified.

Every crystalline substance gives a pattern and the same substance always gives a
characteristic pattern. In a mixture of substances, each produces its pattern independently of
the others. The X-ray diffraction pattern of a pure substance is, therefore, like a fingerprint of the
substance. This is one of the primary advantages of XRD. Another advantage of using XRD is

that it is a non destructive technique of analysis, i.e. the sample remains intact after analysis.

An XRD pattern for graphene was provided in the literature used as the reference for the
synthesis of graphene’™. When we compared that with the XRD obtained from the graphene
synthesized in our lab (figure 40), it proved to be a perfect match, thereby corroborating the

evidence of the formation of graphene from the proposed technique.
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Figure 40 - XRD pattern for graphene
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2.6. Experimental

Materials and methods

Reagents and solvents were purchased from various commercial sources and used without
further purification unless otherwise stated. Microwave reactions were carried out using Biotage
Initiator 2.5 microwave synthesizer. Infrared spectra were recorded on TENSOR Series FT-IR
Spectrometer. XPS measurments were performed at Oak Ridge National Laboratory. Copper
was guantified by inductively coupled plasma — optical emission spectroscopy (ICP-OES) using
a Perkin Elmer Optima 2100 DV. The X-ray diffraction (XRD) measurements were performed on
a PANalytical Empyrean instrument. Absorption spectra were collected on a Thermo Scientific
Evolution 600. Vulcan XC-72 (Cabot Corporation), Super C-65 (TIMCAL Graphite and Carbon)

and Black Pearls2000 (Cabot Corporation) were used as solid supports.

General procedure for preparation of adsorbed complexes

The general procedure for complexation reactions is described below:

Complexation reactions were carried out in 7 mL glass vials with Teflon lids and magnetic stir

bars. For 50 mg of carbon support, 0.12 mmols of ligand and 0.06 mmols of metal were used.

Reaction mixtures were sonicated briefly (2-5 minutes) and stirred at 80 °C for 2 hours. After
cooling to ambient temperature, the carbon suspensions were centrifuged and decanted. A
sample of the supernatant was stored in a microcentrifuge tube for subsequent quantification of
copper bound by ICP. The carbon solids were then washed with water (5 mL X 3), methanol (5
mL), acetone (5 mL), and diethyl ether (5 mL). The carbons were then dried overnight in a

vacuum oven.
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Scheme 3 - First generation catalyst complexation reaction

All the compounds described in section 2.4.2 were made by the above general procedure.

Diazo modification of carbon

2.5 mmols of ligand solution was added to 500 mg of BP2K. To this suspension was added 6.5
mmols of 6M HCI and it was cooled to 0 'C. To this solution was added 2.75 mmols of 1M
sodium nitrite (NaNO,), in 2 aliquots, the second addition being 10 minutes after the first. Care
was taken to ensure that the NaNO, solution was cooled before addition. This suspension was
allowed to stir at 0 'C for 10 minutes, after which it was taken out and stirred at room
temperature for 60-70 minutes. It was then washed with water (20 mL X 3), methanol (20 mL),
acetone (20 mL) and diethyl ether (20 mL). The resultant carbon was then dried in a vacuum

oven.

This method of diazo modification of the carbon surface was followed for compounds 2.1, 2.2,
2.3 and 2.4. In addition, for all the different types of carbon scaffolds, diazo modification was

done using the same procedure.

In addition to sodium nitrite, isoamyl nitrite was also used a diazotization reagent. Ethanol was
used as the solvent in place of water, and rest of the parameters of the reaction was
maintained. The hemiphthalocyanine compounds used for pyrolysis were made with isoamyl

nitrite as the diazotization reagent.
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Scheme 4 - Anchoring of ligand onto carbon via diazotization

General complexation procedure for diazo modified carbons

Complexation reactions were carried out in 7 mL glass vials (with Teflon lids and magnetic stir
bars) as described. To each vial is added 25 mg diazo modified carbon, 0.25 mmols of ligand
solution, and 0.125 mmols of metal (copper) solution and water. Scheme 5 below outlines the
reaction. In the earlier stages, for 25 mg of carbon, the final volume of the reaction mixture was
maintained at 5 mL. But, in the later stages, the concentration of the reaction mixture was
increased, and for 50 mg of carbon, the total reaction volume was reduced to 2.5 mL. It should
be noted that the metal solution is first tested for the metal content using ICP-OES and then the

requisite quantity of solution is used, in order to minimize errors.

The reaction mixture is sonicated briefly (2-5 minutes) and stirred at 80 °C for 2 h. After cooling
to ambient temperature, the carbon suspension is centrifuged and decanted. A sample of the
supernatant is stored in a microcentrifuge tube for subsequent quantification of copper bound by
ICP-OES. The carbon solids are then washed with water (10 mL X 3), methanol (10 mL),
acetone (10 mL), and diethyl ether (10 mL). The carbon is then dried overnight in a vacuum

oven.
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Scheme 5 - Second generation catalyst complexation reactions

In order to study the effect of the auxiliary ligand, experiments were carried out by keeping the
volume of the reaction mixture constant and replacing the auxiliary ligand solution by water. All

the compounds described in section 2.4.3 were synthesized by the above general procedure.

General complexation procedure for pyrolyzed carbons

Carbon surfaces synthesized for the purpose of pyrolysis were done so on a larger scale in
order to accommodate the poor yield after pyrolysis. A typical experiment is done in the
following way. 200 mg of carbon black (modified or unmodified) is added to 4 mmols of cobalt
(1) solution, 2 mmols of 3,5-diamino-1,2,4-triazole solution and water. In the earlier stages, for
200 mg carbon black, the final reaction volume was maintained at 30 mL. But, in the later
stages, the concentration of the reaction mixture was increased, and for 500 mg of carbon, the
total reaction volume was 30 mL. It should be noted that the metal solution is first tested for the
metal content using ICP-OES and then the requisite quantity of solution is used, in order to

minimize errors.

The reaction mixture is sonicated briefly (2-5 minutes) and stirred at 80 °C for 2 h. It is then
taken out and allowed to cool. An aliquot of the reaction mixture is stored to quantify the amount

of metal bound by ICP-OES. The resultant carbon is then washed with water (20 mL X 3) and

60



then with methanol (20 mL), acetone (20 mL) and diethyl ether (20 mL). It is then dried

overnight at 80° C in a vacuum oven.
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Scheme 6 - Third generation catalyst complexation reaction

Then, this carbon is dried and pyrolyzed at a series of temperatures, following which RDE
experiments were carried out. This is done to gauge the activity of the catalyst at different
temperatures of pyrolysis to ensure optimum performance. All experiments done in section 2.4.4

were synthesized by the above procedure.

Synthesis of graphene from graphite

The process of making graphene from graphite is a rather complex one and involves a lengthy

2-step process, and is adopted from the modified Hummers method™ " °.
Oxidation of Graphite

1 g of graphite powder (300 mesh, 99%) was suspended in a solution containing 1.5 mL
concentrated sulphuric acid (H.SO,4), 0.5 g phosphorous pentoxide (P,Os) and 0.5 g of
potassium persulfate (K,S,0g) at 80° C. 1 mL of water was added to this mixture in order to
make it an effective suspension. This solution was allowed to stir at 80 'C for 4 h and allowed to

cool down. The resultant carbon was washed with water twice and then dried overnight.
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This dried carbon was then subjected to oxidation by the Hummers' method, in which about
1.34 g of carbon (obtained from the first step) was suspended in 31 mL of concentrated
sulphuric acid (H,SO,) at 0 'C. To this reaction mixture was added 4.02 g of potassium
permanganate (KMnO,) gradually, and care was taken to ensure that the mixture remained
cold, in an ice bath, till the addition was complete. It was stirred at room temperature for 2 h
after which 62 mL of water was added and the suspension was allowed to continue to stir. 15
minutes later, the reaction was terminated by addition of 188 mL of water and 3.35 mL of 30%
hydrogen peroxide (H,O,). The carbon from this mixture is then washed with water (20 mL X 2),
then with 1:10 concentrated hydrochloric acid (20 mL X 3) and then again with water (20 mL X

2). The resultant graphene oxide was then dried in a vacuum oven.
Conversion of Graphene oxide to Graphene

300 mg of graphene oxide is suspended in 300 mL of water (1g/L solution). To adjust the pH of
the resultant solution to 9-10, 50 mL of 5% by wt Na,CO; solution is added to this suspension.
This mixture is then put in an 80 ‘C heat bath and allowed to stir for 10 minutess till the
temperature of the suspension is uniform. To it, is carefully added 800 mg of NaBH, as
recommended in the literature’®. The same reaction was also carried out with successively less
amounts of NaBH, and yielded the same results. This suspension is then allowed to stir at 80 'C
for 2 h, and then allowed to cool. Once cooled, it is washed with water multiple (=8-10) times,
and then vacuum dried. The resultant graphene precursor is then dispersed in concentrated
sulphuric acid (H.SO,) (nho stoichiometric amount, but enough to disperse the graphene
precursor well) and then allowed to heat at 120 'C for =12 hours. It is then diluted in a copious
amount of water (CAUTION: exothermic). The excess water is removed and the carbon is
washed with water multiple (=8-10) times and then dried in the vacuum oven. This resultant

graphene precursor is then pyrolyzed at 1100 'C for 15 minutes to yield graphene.
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An XRD of the synthesized graphene is compared with the one available in literature . A copy

of the XRD is provided.

Synthesis of azide on surface of carbon

The reaction was carried out via an in situ diazotization and anchoring the 3,5-diamino-1,2,4-
triazole onto the carbon surface followed by a substitution reaction by using sodium nitrite and

then aqueous sodium azide to form the corresponding azide.

200 mg of untreated BP2K was diazo modified in a way described above to get the sample 2.2.
The reaction mixture was centrifuged, the supernatant was discarded and without drying the
resultant carbon surface, it was resuspended in 3.2 mL water. After this step, the carbon
suspension was cooled to 0 ‘C. To this solution was added 0.667 mL 6M HCI (4.5 mmols) and
then 1.1 mL of 1M NaNO,. This was done in order to diazotize the free amine group on the
triazole covalently attached to the carbon. This solution was allowed to stir at 0 'C for 15
minutes after which it was centrifuged, and all the supernatant was discarded. To this carbon
was added 2 mL of 1M NaN; (sodium azide) solution and the suspension was allowed to stir at
0 ‘C for 10 minutes. This solution was then kept stirring at room temperature for 60 to 70
minutes. The resultant carbon was then washed with water (10 mL X 3), methanol (10 mL),
acetone (10 mL) and diethyl ether (10 mL) after which it is dried in a vacuum oven. The reaction

sequence is shown below in scheme 7.
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2.2

Scheme 7 - Making azide on carbon surface

Click reaction of azide with alkyne

Two terminal alkynes, viz. 1-decyne and 2-ethynylpyridine were used in the experiment. 50 mg
of the azido-derivatized carbon was weighed and transferred to a 7 mL vial. To it was added
0.25 mmols alkyne, 0.25 mmols Cu(ll) salt (CuSQO,), 0.5 mmols sodium ascorbate, 3 mL water

and 1 mL THF.

The reaction was stirred at 60 ‘C overnight, taken out and allowed to cool to room temperature.
The reaction mixture was then centrifuged, and the supernatant was discarded, after which the
resultant carbons were washed with water (10 mL X 2), methanol (10 mL), acetone (10 mL) and
diethyl ether (10 mL). They were then dried in a vacuum oven. The proposed syntheses are

shown below in schemes 8 and 9.

N N
N/

N 1-decyne N

HN_ N Cu (Il) salt HN_ N
L sodium ascorbate J/_

Scheme 8 - Click reaction of azide with 1-decyne

~Z
BQ
Y

~Z
Eq
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Scheme 9 - Click reaction of azide with 2-ethynylpyridine

These derivatized carbon supports from schemes 8 and 9 were complexed with metal in a way
similar to the protocol followed for second generation catalysts. The complexation was

attempted in both, the presence and absence of an auxiliary ligand.

Proposed synthesis of a triazene on surface of carbon

This was an attempt at making a series of progressively increasing triazenes off the surface of

carbon.

250 mg of untreated BP2K was diazo modified in a way described above to get sample 2.2. The
reaction mixture was centrifuged, the supernatant was discarded and without drying the

resultant carbon surface, it was resuspended in 6 mL water.

To this carbon sample, was added 4 mmols of 6M HCI and it was cooled to 0 'C. To it was
added a cold solution of 2 mmols of 1M NaNO,, in 2 aliquots, the second addition step being 10
minutes after the first. The resultant suspension was allowed to stir at 0 'C for 20 minutes after
which it was spun down in the centrifuge, quickly. To this carbon, was added 4.775 mL water,

1.375 mmols of 1M 3,5-diamino-1,2,4-triazole solution and 100 microliters of saturated sodium
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bicarbonate (NaHCO3) solution. This reaction sequence as proposed, was supposed to follow

scheme 10.
N
N~ H
L —NH; N NN
NH, H,N N N=N N—NH
!\l_ NaN02 ,N:<
HN /N > > HN /N
6M HCI sat NaHCO;
2.2

Scheme 10 - Proposed route of synthesis of triazene from the diazo modified carbon

The key for this reaction is the diazotization of the free amine, at the end of each sequence, and
then further reacting it with a diamine so that a free amine is always available at the end of the

chain to carry out consequent reactions, if need be.

A sequence was attempted where we tried to diazotize this free amine, and increase the chain

length by further diazo modifications and coupling.

These triazene series carbons were complexed in a way similar to the second generation

catalysts. Complexation was attempted both, in the presence and absence of auxiliary ligand.
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3.CONCLUSION AND FUTURE WORK

We have carried out a systematic study to gauge the potential of 1,2,4-triazole based
complexes as catalysts in the oxygen reduction reaction (ORR). The initial stages of the study
concentrated on identifying the best ligands and metal salts in terms of catalytic activity. When
problems with stability for the surfaces using these complexes arose, a method was devised
which enabled us to covalently attach our ligands to the surface of carbon via diazonium
chemistry. Copper (ll) salts of diazo modified carbons were synthesized and tested for catalytic
activity, and the necessity of an auxiliary ligand for these types of complexes was identified. In
order to curb the use of the auxiliary ligand, the surface of carbon was densely functionalized
using triazolo-hemiphthalocyanines and same activity as before was achieved. To match the
activity of the commercially used Pt/C, significant improvement was needed. Pyrolyzed cobalt
(1) complexes of 1,2,4-triazole showed a remarkable leap in activity over the copper (ll)
complexes. When it was realized that catalytic activity was dictated by the nitrogen content on
the carbon surface, triazolo-hemiphthalocyanines with a different linker were synthesized which
enabled us to increase the nitrogen content. Their activity was tested by complexing them with a
series of chelates — cobalt, iron, manganese, nickel and copper. Cobalt — hemiphthalocyanine
yielded the best onset potential — 0.84 V which is very close to the commercially used Pt/C.
Techniques such as XPS, ICP-OES and HATR-FTIR spectroscopy were used to verify the
success of the synthetic steps. Triazolo-hemiphthalocyanines proved to us that alternate ways
of attaching the ligand on the surface may improve catalytic activity. Other ways to attach the
ligand covalently to the surface are through alkylation and acylation. Different ligands can be
attached to the carbon surface through these linkers due to their different reactivities. Nitrogen-
containing ligands like pyridines have not been tested for activity in ORR catalysis and are a
target for future work. Using different transition metals like iron, nickel and manganese as the

sole chelating agent with triazoles is another area of future work.
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