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Methods

Synthesis of C@Zn00x-ZIF -8s In a typical synthesis of ZdIF-8 (or CeZIF-8, also called
ZIF-67),7.344 g of Zn(N@)..6H,O (or Co(NQ),.6H,0) was dissolved in a 500 ml

methanol. Then, 8.106 g ofr@ethyl imidazole was dissolved in another 500 ml methanol by
adding ~4 ml of a moderator;riethylimidazole. The later solution was slowly added to the
former in a 1 L wide mouth jar while stirrireg room temperature. After a few minutes a

milky (for Zn-ZIF-8) solution was formed from the clear solution of the precursors, which
was then left for 24 h to settle. The top clear solution was drained out and the white (or purple
in case of C&ZIF-8) predpitates were collected by centrifugation with further methanol
washing. All the asynthesized ZIF8 samples were dried for a day at 80 °C oven. The mixed
metal Co/ZRZIF-8s were synthesized in a similar method but by replacing the portion of
zinc-nitrateprecursor with cobalhitrate. For example, the sample made with 10%, 25% and
50% by mass of the cobalitrate replacing the zingitrate (more precisely, for 10%: 0.7344

g of cobaltnitrate + 6.6096 g of zinmitrate; for 25%: 1.836 g of cobalitrate+ 5.508 g of
zinc-nitrate; for 50%: 3.672 g afobaltnitrate + 3.672 g of zinaitrate) are named as
C0o1pZngo-ZIF-8, CasZnys-ZIF-8 and CeuZnse-ZIF-8, respectively. The sample yield was of
over 2.2 g.

Synthesis of C@Zn100x-C NPCs:In a carbonizationnocess, a suitable amount, between

(1001 300) mg of C@Zny00x-ZIF-8 was placed in an alumina boat (of 1 cm x 1 cm x 5 cm)

and then transferred into a horizontal tube furnace. The furnace tube was closed with a gas
feed through end seals and sample areahaeughly purged with nitrogen. The nitrogen

flow was maintained throughout the reaction. The carbonization betweeid 100D °C was

carried out for (2 to 10) h at a given temperature after heating at 5 °C per min. The carbons
obtained at different cadmization conditions were named as@ oox-Cy-z, where y (=

700, 800, 900, 1000 and 1100) and z, respectively represents the carbonization temperature in
°C and time in h. All the samples for further characterizations were handled in ambient air
without further chemical treatment or acid washing unless stated.

Synthesis of CgO4/C NPCs: The Ca0,/C NPCs were synthesized in a similar way as
CoZn1oox-C NPCs, but with leaking a small amount of air during the synthesis. Note that the
long-time air introdution would lead to loss of carbon due to gasification. Thus controlled
oxidation has been carried out at limited time of 2 h and 5 h, maximum.

Hydrothermal treatment of CoxZnip0x-C NPCs, i.e., CoO@Co/C NPCs (named as
CoxZn100x-Cy-HTT): The carbonized sgptes were further subjected to a hydrothermal
treatment with 20 ml water at 180 °C for 6 h to 30 h in a 50 ml capacity Teflon lined stainless
steel autoclave.

Structure & Porosity Characterization: Powder Xray diffraction (PXRD, on Stoe Sta#¥,
Cu-K-alpha) was carried out by filling the sample in a 0.5 mm dianteisssilicateglass
capillary under ambient conditions. Raman spectroscopy (514.5 nm laser, Renishaw) was
carried out on hand pressed powder samples on a glass shalg PXotoemission

spectrosopy (XPS, on AlK-alpha, Thermo Scientific) data, scanning electron microscopy



(SEM, Jeol) and transmission electron microscopy (TEM, Jeol) measurements were carried
out on the samples supported on a carbon tape or a carbon coated copper TEM grid. The
porosity and gas adsorptiaiesorption isotherms up to 1 bar were determined at 77 K and
298 K using liquid nitrogen and water bath, respectively, on a Quantachrome Ati@€orb

The specific surface area was measured from the 77i8obherm in a relativerpssure

range between 0.01 and 0.2, according to the BrustamenettTeller (BET) method. The
QSDFT (quenched solid density functional theory) method with slit/cylindrical pores was
applied to desorption isotherm {£@o 0.99, P/Po) to obtain pore sizstdbution and

cumulative pore volumeéhe sample was degassed at 180 °C overnight under dynamic
vacuum prior to the actual gas adsorption measurement. Combined thermogravimetric (TG,
on Setsys from Setaram) and mass spectrometry (MS, on OmniStar fréfier Rfacuum)

up to 1000 °C measurements were carried out on a dry sample under Ar flow with a heating
rate of 5 °C per min and isothermal step of 1 h at 1000 °C. The TGlosassas recorded

after background correction to empty alumina crucible.

The TG measurements onggithesized NPCs were carried out under oxidative atmosphere,
flowing air with a heating rate of 3 °C per min up to 700 °C. The cobalt mass concentration
is estimated from the residual mass after complete-tifithe carbon.

Electrochemical Tests:All the tests were carried out using Autolab (Metrohm

PGSTAT302N) electrochemical station, by a three electrode method with a glassy carbon

rotating disk as working electrode, and (1x1Y &thand Ag/AgCl/saturated KCI as counter
andreference electrode, respectively ingaturated (or Npurged) alkaline (0.1M KOH) or

acidic (0.1M& 1.0M HCIQ,) electrolyte at room temperature. ThedDd N, saturation is

maintained by continuous gas bubbling. All the measurements were carried caffiveti

catalyst deposition of ~0.28 mg thon a 3 mm dia (or area of 0.07073mlassy carbon

disk electrode (GCDE). The catalyst was prepared as follows; 2 mg of NPC sample was
dispersedima t ot al 500 ¢€14820ledt iodn dgelauwwsii z8eidnIgvaotfe rN
(5% solution) under sonication. The sonication was carried out up to an hour to get uniform
catalyst dispersion ink. Of which 5 gl was n
by drying at 60 °C oven prior to the electrochemteats. All the electrochemical test results

were reported with respect to the reference, Ag/AgCI. In all the cases CV (Cyclic

Voltammetry) and LSV (Linear Sweep Voltammetry) curves were recorded with a voltage
sweeping at 10 mV/ §in the potentialrange f +0. 2 V to 10.8 V for OR
V for OER in a 0.1M KOHBefore actual measurements, the catalyst was subjected to a

number of CV cycles until a stable CV was obtainéte stability (i vs t) tests were carried

out at a f i x204forO&KR and +0 & +0.7%Y for OER and the response

current recorded against time up to 20 h ys@&turated 0.1M KOH. In case of HGIGhe

current vs time response curves were measured 2v+0he ORR and OER LSV curves

were measured at different disk rotating speeds in fixed intervals of (800, 1200, 1600 and

2000) rpm.The electron transfer number during ORR is estimated using Koul&sigh

relation[ref. Sa3];
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Jis the measured current densityandJx are diffusion and kinetic limiting current
densities, respectively; is angular velocityn is electron transfer numbédt,is Faraday
constant (96485 C mid), Cq is O, bulk concentration (1.26 0 ° mol cmi®), Dgis O

diffusion coefficient in the electrolyte (1.9 x'f@n¥ s'*) andv is kinetic viscosity of 0.M
KOH (0.01 cnis b).

B, basically a slope of a straight limedetermined from the linear fittings the plots from
measured current densityverse of it onthesaxis)i n t he equi l i brium regi

V t o DbF@ORMELSWcurvesatdifferentdisk rotating speefinrad $*;i.e,— 1 Q&
again inverse of it othex-axis).

The measured potentials against Ag/AgCl is converted to RHE using the rdiatioiiM
KOH, V vs (RHE) =V vs (Ag/AgCl) + 0.95 VRef. S¥M].

The overpotential V =V vs (RHE)1.23 V.
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Figure S1.Poresize distribution (left) and cumulative pore volume (right) plots Qb&n
C1000 and CpyC1000. See that Zs-C1000 shows a highly microporous natafearbon
with most of the pores situatatiC®2 nm pore widths, whereas due to-i@duced
graphitization Cgr-C1000 shows a smeared out porosity with a small fractiomesipore
development at pore width of ~5 nm.



Table S1.Porosity (BET specific surface area and total pore volume) of NPCs derived from
ZIF-8 and ZIF67 at diferent carbonization temperatures. See that both th& Aikd-67

show similar porosity but compared to the Bferived NPCs, ZH67 derived NPCs show a
considerable reduction in the porosity with increased carbonization temperature. ABD ZIF
NPCs @& mesoporous in nature with a single pore width of ~5.0 nm than the high
microporosity exhibited by ZH8 derivedNPCs. Note that the increased porosity with
temperature in ZIB NPCs is attributed to the continuous decomposition of framework
ligand togeter with Zn evaporation above 900 °C. Whereas, the catalytindimed

stitching of ligand carbons to crystallized graphitic structure leaves a largely smeared out
open pore structure from Z&7. The possynthesis acid etching of Co clusters resul in
little improvement in the porosity.

Sample description BET Specific surface area  Total pore volume (cn'?’ gT 1)
(m’g')
ZIF-8 1795 0.746
Co-ZIF-8 1800 0.748
ZN100C900-6h 1330 0.578
ZN100-C100010h 1455 0.671
Co0100C900-6h 300 0.301
C010C10006-10h 96 0.195
Co0100C100010h-acid clean 212 1.086

Table S2.XPS elemerdl contensin Zn-ZIF-8 and CeZIF-8 derived carbonsCo;o5-C
shows high content of carbon.

Sample C (at%) N (at%) O (at%) Co (at%)* Zn (at%)
C0100C100010h 95.5 0.2 4.0 0.3 -
Zn100C100010h 86.0 55 9.0 - 0.5
C0100C900-6h 90.0 2.0 7.5 0.5 -
Zn1o-C900-6h 82.0 11.0 6.0 - 1.0

* Due to the formation ofabalt-core and carboeshell the XPS cannot report troabalt
content in the samples, mainly because of the carbelisig effect. But the actualobalt-
content in the carbonized samples is reported with thermogravimetric anakygjaratS10.
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Figure S2.XPS C 1s and N 1s (inset) core level spectra of NPCs derived frar8 ZR oo

C) andi 67 (Caoe-C) alone at 900C for 6 h and 1000 °C for 1Q fihe C 1s peak narrowing
and shift to the low binding energy indicates the cobalt induced graphitization and loss of
nitrogen contenfRef. Sa5] The loss of nitrogen content is also clearly observed at N 1s
spectra (inset)SeeTable S2for elemental composition.
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Figure S3. SEM images of NPCs derived at 1000&Q0 h carbonization of ZIFB (above)
and ZIF67 (below). Clearly, the structure and surface morphology o8ZiFystals remains
in its Znoe-C1000;however the abaltinduced graphitization is seen with considerable
surface plane shrinkage of g@C1000 crystallites. The left & right images are taken at
different magnification levels.



Figure $4. TEM images at different magnifications of NPCs dedia¢ 1000 °CG 10 h
carbonization of ZIF8. See that carbon is highly microporous and amorphous in nature.
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Figure S5. TEM images at different magnifications of NPCs after ateééningof magnetic
cobalt clustergthese are not compatible for TEM me@suent) derived at 1000 °& 10 h
carbonization of ZIF67. See that aear obaltinduced graphitization with the formation of a
graphitic ribon structures. The removal ajb@lt clusters also leaves big pores.
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Figure S7. Tafelplotsép pl i ed potential vs |l og(current
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Figure S9. Comparativecharacteristicef Co,00-C100010h as synthesized (black data)d
acid clean to removepbalt (red data)a) LSV curves of ORR show enhancement in the
limiting current denisy after acid etching out theobalt, no change in both onset potential
and slopeof reductionis seenb) LSV curves of OER show considerable decrease in the
current density anshcreagd onset potential after etching out tobalt ¢c) PXRD patterrof
acid etchingsampleis reminiscent of graphitic structure, without any traces of crystalline
cobaltas observed in as synthesized one. d) Isothermsstrvanced uptake of,N77 K)
after acid etching ofabaltindicating the enhanced porosity, specifically at higher reativ
pressuras attributed to a removal obbalt clusters in the structure) Poresize distribution
shows that new pore developmeator above 40 nm pore width. Gumulative pore volume
showsconsiderably enhanced pordwme at pore widths above 40 nmf)dndicating that
the crystalline obaltclusters are ithes i z e40mnf. O
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Figure S12. SEM images of ZIF8, showingwell-structured crystallites
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Figure S13. TEM images at different magnification of &@n;s-ZIF-8, showingwell-
structured crystallites similar to the Z8as observed at SEM.
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Figure S14. PXRD patterns of NPCs of G&Zngo-C (top left), CosZn;s-C (bottom left),

Cos0Zns0-C (top right) and Caye-C (bottom right) at a carbonization temperature of (700,

800, 900, 1000, 1100X for 10hin each casesee that all the sharp and intense diffraction

peaks are assigned to a pure phase f¢6)JeeeJCPDS 180806 for fcccobalt and JCPDS

05-0727 for hcpeobalt]. The crystallization of carbofsee a growing graphiti©02) peak at

2 d o f is se@névith)increasing carbonization temperafreobalt substitution for zio

in ZIF-8 at or above300 °C.Also note that the crystallization or clusteringcobaltis seen

with increasing carbonization temperature as observed with increased intensity of diffraction
peaksAlso see that at lowobalt concentrations, e.g., x = 10, the crystalline/clustered

cobaltpeaks appeanlyat hi gher carbonization temperatur
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Figure S16. In clock wise, C 1s, N 1s, O 1s, Zn 2p and Co 2p XPS core level spectra of
CoZnyo0x-NPCs derived at (700, 800, 900, 1000, 11@jor 10 h Set of samples from

same ZIF8 compositiorare grouped togethefhe C 1s peak shiftom abinding energy

(BE) of ~284.9 eV to a BE of 284.6 eMth increasingcobalt substitution and carbonization
temperature is an indication wansformation ofnore nitrogercontaining NPG (e.g.,at 700

°C) to apure phase graphitic Sparbon(e.g.,at 1100 °Q. This loss ofitrogenfunctiorality

is clearly visible in N & spectra, Wwere a dominant pyridinic type nitrogenimidazolate

ligand peak at BE of 398.6 eV and 700 °@asnpletely lostit 1100 °Cdue to temperature
induce simultaneous decompaasitiand conversion tgraphitic nitrogena new and weak

peak at higher BE of 401 e® 1s spectra show broad, two to three peak behaviour suggest
Ci O (at BE,asetonttnos& Gontebjor and Coi O (BB weak& ~530
least contributgrbonding in addition to mor atmospheric adsorbed oxyganBE of ~532

eV. Zn 2p spectra show the samplesane free at temperatures dbf x = 25 or higher) or
above for x = 10) 900 °CThe Co 2p with two satellite peaks positioned close to the main
2ps2 and 2p,, peakssuggest a surface oxidizedbaltand is assigned to Q9 O.
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Table S3.XPS based elemental concentrations A, oox-ZIF-8 derived carbos)
carbonized at different temperaturmish same 1(h annealing time.

Sample C (at%) N (at%) O (at%) Co (at%)* Zn (at%)
Co25Zn75-C700 70.0 18.0 9.0 0.4 2.6
Co05Zn75-C800  79.0 10.0 9.0 1.0 1.0
Co0,5Z2n75-C900 90.0 4.5 5.0 0.4 =
Co0y5Zn75-C1000 93.0 2.3 4.5 0.2 -
C025ZI"|75-C1100 96.0 0.5 4.0 = =
Co050Zn50-C900  93.0 2.8 3.3 0.7 -
Co50Zn50-C1000 95.0 1.3 3.3 0.2 -
Co050Zn50-C1100 96.0 0.5 3.5 0.3 -
C010Zng-C900  86.0 5.5 8.0 0.2 0.3
C010ZNnge-C1000 92.0 3.8 4.0 0.2 -
COlozn 90-C1100 94.0 0.5 55 = =
C0100-C1000 95.5 0.2 4.0 0.3 -
Zn10-C1000 86.0 55 9.0 - 0.5

* Due to the formation ofobalt-core and carbeshell the XPS cannot report traebalt
content in the sample, mainly because of the carbon shielding effect. But thecabalgl
content in the carbonized samples is reported with thermogravimetric anakygjaratS28.
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Figure S17. The deconvolution of C 1s and Co 2p spectra and peak fittings@h{oex-

C1000. This shows relative changes of individual contributions, to say the gradual decrease
contr

of domi nat i

ng

Ci1

O and CI1N

but

i ons

spectra of Zie-C1000is seen with increasing substitutiowabalt. At highest wbalt, the C
1s spectra consistostly of graphitic sp carbon.The Co 2p spectra with two main peak
positions at BE of ~780.3 eV and ~796 e\thnadjacent satellite peaks(aetween 784 &
786) eV and ~803B eV, suggest surface oxidizedaaltin its 2" oxidation state, i.e., CoO

[Ref. $8,509,a10].
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Figure S18. Peak fittings of C 1s, N 1s, O 1s and Co 2p spdatralock wisedirection of
C0y5Zn75-C900and CesZn;s-C1000samplesThe controloxidationof samples is

represented withoxide (which is nothing but C,/C). The C 1s peak fittings suggest
oxygen and nitrogen containing carbj@ee new shoulders at BE of >285 eW)e two and
three peak behaviour of N 1s spectra show majority of pyriditiegentype (peak at BE of
398.9 eV)in addition to graphitinitrogen(second major peak at BE of 401 eV) and oxidized
nitrogen(aweak peak at BE of >405 eV) typ@ 1s showpeaks at ~530 eV, 532.3 eV and
533.7 eV corresponding to €00, adsorbed oxygen and’sp1 O, respheCot2p vel y.
spectra forcontrolledoxidized samplearein good agreement with the ¢y [Ref.
Sa8,Sa9,5al0
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Figure S19. The PXRD patterns of controlled oxidiz€a,sZn;s-C900 and CgZn;s-C1000

sampleshow predominantly aubic spinel CgO, () phase (space group Fd3m) (JCPDS
card no. 431003),with a little evidence for fccobaltand CoO#) [Ref. Sal]].
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Figure S20. 77 K N, sorption isotherms of all the ¢2n;00x-NPCs obtained at carbonization
temperaturef (700, 800, 900, 1000, 1100) f@ 10 h(top four) See that a considerably
reduced\, uptakewith increasing substitutionabbalt for zinc. This is also truavith the
carbonization temperature at or above 800i@gesing a wbaltinduced graphitization.

This is also observed with opening the hysteresis gap between adsorption and desorption
isothermsBottom: comparative isotherms of £4n,5-C900 NPCs aftezontrol

carbonization and oxidatioifhe control oxidation of samples is represented Watkide

(which is nothing but Cs#,/C). See that after oxidation the samples show a reduced uptake
due to the loss of sample in the form of gasification, G A GCO, during control oxidation
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Table $4. The porosity and gas uptake in all precursor ZIFs and its NRt@scontrol
oxidation of samples is represented witixide (which is nothing but GO4/C).

S.No. Sample description BET Total pore  H,uptake at CO, uptake
Specific volume 77Kand1l at298 K and
surface (cm*g'h bar 1 bar
area (n? (c_;rln3(STP) ((_:En:"(STP)
g) g) g)

1 Z1l F1 8 17950 0.746 1510 20.0

2 CooZnegi Z 1 FT 8 17230 0.741 157.0 210

3 CosZnel Z 1 F1 8 17220 0.740 154.0 21.0

4 CooZnsg Z1 FT 8 17500 0.756 1700 220

5 ColT ZI F1 8 18000 0.748 1700 21.0

6 Co010Znggl C706:10h 7400 0.348 1520 67.0

7 Co1oZnggl C800-10h 860.0 0.405 1700 70.0

8 Co10Znggl C900610h 114Q0 0.557 2180 77.0

9 CoyoZnggl C100010h 7740 0.478 1600 45.0

10 Co010ZNggt C110610h 9100 0.521 2030 55.0

11 CoxsZnyst C70010h 627.0 0.334 1390 65.0

12 CopsZnysl C800610h 764.0 0.502 1490 53.0

13 CoxsZnyst C900-10h 6850 0.520 1210 36.0

14 CosZn7st C100610h 437.0 0.430 74.0 20.0

15 CoxsZnyzel C110010h 5620 0.541 86.0 220

16 CosoZnsgl C700:10h 4950 0.308 1090 47.0

17 Cos0Znsgl C800-10h 6780 0.449 1000 330

18 CosoZnsgl C900610h 3100 0.342 49.0 15.0

19 Cos0Znsol C100010h 226.0 0.292 320 8.0

20 Cos0ZNnsol C110610h 266.0 0.441 41.0 110

21 Cood C70010h 3200 0.230 58.0 15.0

22 Coyod C900-10h 2750 0.232 37.0 9.0

23 Cood C1000610h 96.0 0.195 14.0 3.0

24 Coy0d C110610h 70.0 0.160 16.0 3.0

25 CoxsZnyel C900-2h- 747.0 0.551 1350 52.0

oxide

26 CopsZnzst C9005h 717.0 0.537 - -

27 CoxsZn7s1 C9005h 607.0 0.588 1450 39.0

oxide

28 CoxsZn7s1 C10005h 5000 0.598 - -

29 CoxsZnysl C100065h 3600 0.551 69.0 23.0

oxide
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Figure S21. 77 K N, sorption isotherm@SDFTderived cumulative pore volume plots

against pore width of all the ¢zn;00x-NPCs obtained at carbonizatitemperaturef (700,

800, 900, 1000, 1100) °for 10 h(top four)andafter control carbonization and oxidation of
C0,5Zn75-C900 NPCs (bottom)lhe control oxidation of samples is represented atkide
(which is nothing but Cs#,/C). See that a considdily reducedbore volumewith increasing
substitutional obalt for zinc. This is also true with the carbonization temperature at or above
800 °Csuggesing a cobaltinduced graphitizatiorilhe steglike change suggesting a single
poretypeof ~5 nm.
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Figure S22. 77 K N, sorption isotherm@SDFTderived pore size distribution plots of all the
CoZn100x-NPCs obtained at carbonization temperatdr@ 00, 800, 900, 1000, 1100) far
10 h(top four) and after control carbonization and oxidation gs8®s-C900 NPCs
(bottom).The control oxidation of samples is represented Watkide (which is nothing but
Co304/C). See that shiftfathe pore size from microporous region to mesoporeg®n with
increasing substitutionabbalt for zinc. Most of thecases a single type pore at ~5 nm in
width is observed.
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Figure S23. 77 K H, uptake isotherms of all the (&n;00x-NPCs obtaird at carbonization
temperature of700, 800, 900, 1000, 1100) f@ 10 h See that a considerably reduced
uptake with increasing substitutiorabalt for zinc. A clear influence of micropossity and
nitrogenfunctionality (high uptake)anda graphtization(low uptake)is seen.
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