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Sectionl: Experiment Section

Materials

Cobalt nitrate hexahydrate (98%, Alfa), 2-methylimidazole (Acros), triphenylphosphine (PPhs,
99.5%, Alfa), methanol (Sinopharm Chemical) were used without any further purification.
Ultrapure water (Millipore Milli-Q grade) with a resistivity of 18.2 MQ was used in all the

experiments.

Synthesis of Samples
Synthesis of Co/Co;P{N;3: The 2-methylimidazole (0.616g) was firstly dissolved in 15 ml

methanol with well stirring (solution I ). Second, Co(NOj3),-6H,0 (0.546 g), and PPh; (0.375 g)
were dissolved in 30 ml methanol with stirring to prepare well dissolving solution II. Then,

solution I was quickly added into solution II with strong stirring for 0.5 h at room temperature.
Next, the mixture solution was transferred into a 100 ml Teflon-lined stainless-steel autoclave and
heated at 120 °C for 4 h. The as-prepared products were collected by centrifugation process and
washed with methanol for three times. Finally, they were dried at 70 °C under vacuum condition
for 12 h. The obtained powders were calcined at 900 °C for 3h under nitrogen gas and then cooled

to room temperature. The Co/Co,P;N3 was collected without further treatment.

Synthesis of Co/Co;N4: The 2-methylimidazole (0.616g) was firstly dissolved in 15 ml methanol
with well stirring (solution I). Second, Co(NOs),"6H,0 (0.546g) was dissolved in 30 ml
methanol with stirring to prepare well dissolving solution II. Then, solution I was quickly added

into solution I with strong stirring for 0.5 h at room temperature. Next, the mixture solution was
transferred into a 100 ml Teflon-lined stainless-steel autoclave and heated at 120 °C for 4h. The
as-prepared products were collected by centrifugation process and washed with methanol for three
times. Finally, they were dried at 70 °C under vacuum condition for 12 h. The obtained powders
were calcined at 900 °C for 3h under nitrogen gas and then cooled to room temperature. The

Co/Co1N4 was collected without further treatment.

Synthesis of PNC: The 2-methylimidazole (0.616g) was firstly dissolved in 15 ml methanol with
well stirring (solution I ). Second, Zn(NOs),-6H,0 (0.558g) and PPh; (0.375g) were dissolved in

30 ml methanol with stirring to prepare well dissolving solution II. Then, solution I was quickly
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added into solution II with strong stirring for 0.5 h at room temperature. Next, the mixture solution
was transferred into a 100 ml Teflon-lined stainless-steel autoclave and heated at 120 °C for 4h.
The as-prepared products were collected by centrifugation process and washed with methanol for
three times. Finally, they were dried at 70 °C under vacuum condition for 12 h. The obtained
powders were calcined at 1000 °C for 3h under nitrogen gas and then cooled to room temperature.

The PNC matrix was collected without further treatment.

Synthesis of NC: The 2-methylimidazole (0.616g) was firstly dissolved in 15 ml methanol with
well stirring (solution I ). Second, Zn(NO;),-6H,0 (0.558g), were dissolved in 30 ml methanol
with stirring to prepare well dissolving solution II. Then, solution I was quickly added into

solution II with strong stirring for 0.5 h at room temperature. Next, the mixture solution was
transferred into a 100 ml Teflon-lined stainless-steel autoclave and heated at 120 °C for 4h. The
as-prepared products were collected by centrifugation process and washed with methanol for three
times. Finally, they were dried at 70 °C under vacuum condition for 12 h. The obtained powders
were calcined at 1000 °C for 3h under nitrogen gas and then cooled to room temperature. The NC

matrix was collected without further treatment.

Characterization

The composition and structure of the as-prepared products were characterized by powder X-ray
diffraction (XRD, RigakuTTR-III X-ray diffractometer with Cu Ko radiation, A=1.5418A). The
morphologies were observed by a scanning electron microscope (SEM, JSM-6700F, 5kV) and a
transmission electron microscope (TEM, JEOL JEM-2100F microscope, 200kV). The HAADF-
STEM images and EDS elemental mapping were carried out in a JEOL ARM-200 microscope at
200 kV, equipped with a probe spherical aberration corrector. The samples were dispersed in

ethanol and dropped onto a copper grid with a carbon film coated for TEM characterizations.

Ex-situ XAFS measurements

The X-ray absorption find structure spectra data were collected at BL14W1 station in Shanghai
Synchrotron Radiation Facility (SSRF, operated at 3.5 GeV with a maximum current of 250 mA),
respectively. The data were collected at room temperature (Co K-edge in fluorescence excitation
mode using a 7 element Ge detector). All samples were pelletized as disks of 13 mm diameter with

Imm thickness using graphite powder as a binder (XAFS data processing).
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In-situ XAFS measurements

A catalyst modified carbon paper was used as working electrode, graphite rod as counter
electrode and Ag/AgCl (KCl-saturated) electrode as reference electrode. A home-made
electrochemical cell was used for in-situ XAFS measurements. The experiments were performed

at BL1W1B station in BSRF.

XAFS data processing
The acquired EXAFS data were processed according to the standard procedures using the
Athena and Artemis implemented in the IFEFFIT software packages. The fitting detail is described

below:

The acquired EXAFS data were processed according to the standard procedures using the
ATHENA module implemented in the IFEFFIT software packages. The EXAFS spectra were
obtained by subtracting the post-edge background from the overall absorption and then
normalizing with respect to the edge-jump step. Subsequently, the y(k) data of were Fourier
transformed to real (R) space using a hanning windows (dk=1.0 A-") to separate the EXAFS
contributions from different coordination shells. To obtain the quantitative structural parameters
around central atoms, least-squares curve parameter fitting was performed using the ARTEMIS

module of IFEFFIT software packages.!!

The following EXAFS equation was used:

J

2)=3,

Sy’ is the amplitude reduction factor, Fj(k) is the effective curved-wave backscattering
amplitude, N; is the number of neighbors in the j# atomic shell, R; is the distance between the X-
ray absorbing central atom and the atoms in the j atomic shell (backscatterer), A is the mean free
path in A, ¢ (k) is the phase shift (including the phase shift for each shell and the total central atom
phase shift), g; is the Debye-Waller parameter of the j# atomic shell (variation of distances around
the average R;). The functions Fj(k), 4 and ¢ ;(k) were calculated with the ab initio code FEFF8.2.

The additional details for EXAFS simulations are given below.
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The coordination numbers of model samples were fixed as the nominal values. The obtained
Sy? was fixed in the subsequent fitting. While the internal atomic distances R, Debye-Waller factor

0, and the edge-energy shift 4F, were allowed to run freely.

Device fabrication

FTO-coated glass substrates were cleaned by ultrasonication with acetone, ethanol and
deionized water, and subjected to an O; treatment for 30 min. A 20-nm-thick TiO, compact layer
was then deposited on the substrates by spin-coating method and sintered at 450 °C for 30 min in
a muffle-type furnace. Subsequently, a 10-um-thick mesoporous TiO, layer composed of 20 nm
nanopartciles and a 5-um-thick light scattering TiO, layer composed of 400 nm nanoparticles were
successively deposited by doctor blade method, and sintered under 450 °C for 30 min. A post
treatment of the sintered TiO, film with an aqueous solution of TiCl, (0.04 M) was then carried
out for 30 min at 70 °C. Afterward, the treated photoanodes were sensitized with 0.5 mM N719
(commercial ruthenium-based molecule dye) in ethanol solution at room temperature for 12 hours.
The DSSCs were assembled by sandwiching the sensitized photoanodes and Co/Co;P;Nj3,
Co/CoiNy4, PNC, NC, and Pt counter electrodes, with 100 um thick adhesive tapes as spacer. The
redox electrolyte was consisted of 1 M PMII (1-methyl-3-propyl imidazolium iodide), 0.04 M Lil,
0.03 M I, 0.1 M GuSCN (guanidinium thiocyanate), 0.5 M TBP (4-tert-butylpyridine) in
acetonitrile and propylene carbonate (v/v = 1:1). The Co/CoP{N; and other counter electrodes

(CEs) were fabricated by spin-coating technique (~2.5 mg/mL in ethanol).

Electrochemical measurements

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were carried out
with an electrochemical workstation (CHI-660). CV curves were recorded at a scan rate of 50
mV/s in acetonitrile solution containing 10 mM Lil and 1 mM I, in a conventional three electrodes
system, in which various catalysts, Pt sheet and Ag/AgCl were used as working electrode, counter
electrode and reference electrode, respectively. EIS were measured with a symmetrical dummy
CE-CE cell. The identical CEs were separated by the adhesive tapes of 100 um in thickness. EIS
was performed with the frequency ranging from 100 KHz to 0.1 Hz at zero bias potential and the
amplitude of the AC signal was 10 mV. We used the Zview modeling software to fit the data

according to equivalent circuit derived from transmission line model.
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Photocurrent-voltage (J-V) curves were measured by a Keithley digital source meter (Keithley
2420, USA) under AM 1.5, 100 mW cm? irradiation (Newport Oriel Solar Simulator, Model
91159A). Prior to J-V measurement, the light intensity was calibrated with a NREL certified

standard crystalline silicon solar cell (4 cm?). The active area of the cells was set to 0.25 cm?.

DFT parameters

Density functional theory (DFT) calculations with plane-wave basis set were performed using
the projector augmented wave (PAW) methods! by the Vienna Ab initio Simulation Package
(VASP)>>  with the generalized gradient approximation (GGA) based on the
Perdew—Burke—Ermzerhof (PBE)® exchange-correlation functional. A Gamma centered
Monkhorst-Pack grids of 1 x 1x 1 was sampled for the Brillouin zone. The plane-wave cutoff
energy of 400 was employed. All calculations were performed with spin polarization. The
simulated unit cells are constructed with one layer of (5x5) supercells of graphene and three layers
of (5%5) supercells of fcc Co (111). A vacuum layer of 15 A was added for the surface slabs along
the z-direction. In the geometric optimization, all atoms were allowed to relax until the calculated

Hellmann-Feynman forces smaller than 0.03 eV/A.

IRR can be generally described as follows reactions:

I57(sol) ==15(sol) + I-(sol) (S2)
I(sol) + * + e == *I + I(sol) (S3)
*[+ e == *+ I(sol) (S4)

where the process eq. (S2) was generally much faster than process eq. (S3) and eq. (S4).
Thus, process eq. (S3) and eq. (S4) determined the reaction rate of the whole reduction reaction
and influent the overall electrocatalytic activity. Therefore, to simplify the calculation process,
only process eq. (S3) and eq. (S4) were taken into consideration. The total reaction is shown as

follows:

I(sol) + 2e- == 2I (S5)

The chemical potential of I5(sol) and I- were unknown. However, there is a dynamic

dissolution equilibrium between I,(sol) and I,(g).
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Iy(sol) == Li(g) (S6)

The reaction (S6) is also fast. Thus, the reaction rate of reaction (S5) approximately equals to

the rate of the follow reaction:

I(g) + 2" = 2I(sol) (S7)

It can be divided into 2 parts:
L(g) +*+e == *I+ I(sol) (S8)
*[+e == *+1I(sol) (S9)

The standard electrode potential of reaction (S7) is Eg= 0.5355 V (vs. SHE) in standard
temperature and pressure. We assume a bias voltage of U= E, is applied so that the chemical
potential of 21-2e" equals to the chemical potential of I5(g). The adsorption energy and free

energy of [ is calculated by follow equation, respectively:

Ead:EcaH—I_ Ecat -0.5 EIz (SIO)
G=E+ZPE-TS (S11)
AGI:GcatH_ Gcat -0.5 Glz (Slz)

Where Ead is the adsorption energy; E... is the energy of the catalyst with an [ atom adsorbed
on its surface; E., is the energy of the catalyst; £y, is the energy of I,; AGy is the Gibs free energy
change of the I adsorption process. Gy 1s the Gibs free energy of the catalyst with an I atom
adsorbed on it; Gy is the Gibs free energy of the catalyst; Gy, is the Gibs free energy of I; G is
the Gibs free energy; E is the total energy; ZPE is the zero point energy; 7 is temperature; S is the
entropy.
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Section2: Supporting figures and tables

Triphenylphosphine(PPh,) ZIF-67 cage structure
/\
6
‘00
d,=8.9 A d,=3.4 A,d=11.6 A
d,<d,<d,

Fig. S1. Simulation results of size for triphenylphosphine (PPh;) and ZIF-67 cage structure. The

size of inner space within ZIF-67 cage can be suitable for PPh; molecular loading.

Fig. S2. TEM images of (a), (b) ZIF-67 and (¢), (d) PPh;@ZIF-67 at different magnification. TEM
results displayed the uniform distribution of ZIF-67 and PPh;@ZIF-67 nanoparticles.
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Fig. S3. XRD patterns of pure ZIF-67 and PPh;@ZIF-67. XRD pattern of PPh;@ZIF-67.

Fig. S4. Elemental mappings of PPh;@ZIF-67.
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Fig. SS. EDS of Co/Co;P|N;.

Fig. S6. Characterizations of Co/Co;N4: (a) TEM, (b) HRTEM, and (c) elemental mappings.
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Fig. S7. (a-c) SEM images of Co/Co;P N3, (d-f) SEM images of Co/CoNy.

Co 2p 0
Co 2p,,
0
CoC,N, 2p,,, CoC,N, 2p,;)
Co-Nx 2p,,,°

Intensity (a.u.)

810 804 798 792 786 780 774
Binding Energy (eV)

Fig. S8. Co 2p XPS results of Co/Co,P;Nj3.
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Fig. S9. P 2p XPS result of Co/Co;P;Njin situ. P 2p XPS possessed the peak at binding energy of
133.0 eV. This XPS peak can be fitted with two contributions located at 132.5 eV (P-C)” and 133.7

eV (P-N/P=N)&10, P 2p XPS spectra exhibited both P-C and P-N/P=N in the as-prepared sample.
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Fig. S10. C 1s XPS results of Co/Co,P;N;. By XPS analysis, C=C, C-N, and C=N bonds can be

recognized.
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Fig. S11. N 1s XPS results of Co/Co;PN;. Pyridinic N, Pyrrolic N, Graphitic N and Co-N bond

can be recognized.
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Fig. S12. Synthetic procedure of PNC.
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Fig. S14. XRD patterns of PNC and NC.
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Fig. S16. Elemental mappings of PNC.
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Fig. S17. The k space fitting curves of Co/Co,P{N; sample at Co K-edge.
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Fig. S18. The inversed FT-EXAFS fitting curves of Co/CoP;N; sample at Co K-edge.
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Fig. S19. The k space fitting curves of Co/Co;N, sample at Co K-edge.
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Fig. S20. (a) The FT-EXAFS fitting curves of Co/Co;N, sample at Co K-edge. (FT range: 2-11.8
-1; fitting range: 0.7-3.0 A). (b) The inversed FT-

Co K-edge.
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Fig. S21. The k space fitting curves of Co foil at Co K-edge.
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Fig. S22. (a) The FT-EXAFS fitting curves of Co foil at Co K-edge. (FT range: 2-11.8 A-!;

fitting range: 1.4-2.7 A). (b) The inversed FT-EXAFS fitting curves of Co foil at Co K-edge.
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The bond length of each Co-N/P bonds were listed in Table. S4. Since P atoms are much larger
then C or N atoms, it will lead to a significant shape distortion when P is doped in graphene. And
the Co-N or Co-P bonds were lengthened (model 3, 4, 5, 6), which was consistent with the EXAFS
results. For model 1 and model 2 (Co-N4-C and Co NP@Co-N,4-C), the binding of Co-I was strong
and the rate limiting step was the desorption of I- (Fig. S20). When P was doped in the Carbon
layer, it became positive charged (Table. S4), because the electronegativity of P is smaller than C.
Therefore, P atom in Carbon was an electron donor, which decreased the Bader charge of Co
(Table. S4). With the decreasing of Bader charge of Co, the electrostatic force between Co and I
decreased and the adsorption of I weakened. Thus, P doping in the Carbon layer promote the
desorption of I". However, if the adsorption of I was too weak, the rate limiting step would change,
and hinder the reaction. Interestingly, the P atom inserted between the Carbon layer and metallic
Co was negative charged (model 4 and 6). It could be used to regulate the electronic structure of
Co. With the coordination of the two types of P atoms, the free energy change was only 0.004 eV
in model 6. Notably, this result was reasonable under an assumption that there was a bias voltage
(U=E,) to balance the chemical potential of 2I- and I(g)+2e", when the working electrode was
catalyzing the reaction. The overpotentials measured under real experimental conditions may be
under a different benchmark. However, qualitative conclusion could be made that the catalyzer

with additional Co-P coordination promote the catalytic activity.

S23



b "o T Tl s

2

1. the original Co-N4-C

TIRISTSRTETS
R 4% Sah 4 T

4. Co NP -P- Co-N4-C 5. Co NP @ Co-N3P-C 6. Co NP-P- Co-N3P-C

Fig. S23. DFT models for MODEL-1(the original Co-N4-C), MODEL-2(Co NP@Co-N4-C),
MODEL-3(Co NP@Co-N4-P-C), MODEL-4(Co NP-P-Co-N4-C), MODEL-5(Co NP@Co-N;P-

C), MODEL-6 (Co NP-P-Co-N;P-C).
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Table. S1. Structural parameters extracted from the Co K-edge EXAFS fitting. (S¢>=0.88)

Sample ng‘r“e“ng CN  RA) (10742 AEgeV) R factor
Co/Cop, _ CoN 31 1.86 10.1 1.9

N, CoP 1.1 __ 2.8 10.9 7.0 0.0014
Co-Co 34 263 9.2 0.9

Co/CoN, __Co-N 2.8 1.91 5.6 -2.5 0.0008
Co-Co 24 250 6.2 23

Cofoil  coco 12¢ 249 6.3 6.1 0.0017

S¢? is the amplitude reduction factor; CN is the coordination number; R is interatomic distance (the
bond length between Co central atoms and surrounding coordination atoms); o2 is Debye-Waller
factor (a measure of thermal and static disorder in absorber-scatterer distances); AE, is edge-
energy shift (the difference between the zero kinetic energy value of the sample and that of the
theoretical model). R factor is used to value the goodness of the fitting. * This value was fixed

during EXAFS fitting, based on the known structure of Co metal, CoP and Co,N bulk.

Error bounds that characterize the structural parameters obtained by EXAFS spectroscopy were

estimated as N £ 20%; R £ 1%; 6% + 20%; AE £ 20%.
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Table. S2. Photovoltaic performance using different CEs

Jsc Voc PCE FF

(mA/em?) V) (%) (%)
Conventional Pt 15.62 0.725 7.88 69.58
Co/Co P |N; 16.53 0.725 8.51 71.01
Co/CoiNy 13.07 0.720 6.62 70.03
PNC 11.73 0.710 5.83 70.00
NC 10.82 0.710 5.23 68.08
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Table. S3. Electrochemical properties of different CEs

JRed-1 Epp Rct
(mA/cm?) (V) (Q cm?)
Conventional Pt 2.23 0.236 5.92
Co/CoP N3 2.35 0.157 5.39
Co/CoiNy 2.05 0.325 14.89
PNC 1.81 0.463 32.37
NC 1.77 0.559 43.23
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Table. S4. Bond length, Bader charge, adsorption energy and overpotential of each model.

Model 1 2 3 4 5 6
Bond Co-N1 1.88 1.89 1.84 1.90 1.96 1.96
length Co-N2 1.88 1.90 1.90 1.90 1.89 1.91
(A) Co-N3 1.88 1.91 1.88 1.90 2.00 2.00
Co-N4/P 1.88 1.91 1.98 1.90 2.09 2.16
Co +1.06 +0.93 +0.92 +0.99 +0.75 +0.81
Bader NI -2.55 -2.58 -2.54 -2.54 -2.59 -2.59
Charge N2 -2.57 -2.60 -2.60 -2.57 -2.62 -2.62
©) N3 -2.55 -2.58 -2.62 -2.57 -2.56 -2.60
N4/P -2.52 -2.55 -2.57 -2.55 +2.21 +2.15
P2 \ \ \ -0.34 \ -0.40
Ead(eV) *] -0.82 -0.51 -0.28 -0.09 -0.20 -0.25
GleV) *] -0.56 -0.25 -0.02 0.16 0.05 0.004
n-0.54
(V vs. 0.56 0.25 0.02 0.16 0.05 0.004
SHE)

The structure of CoNy is very orderly, but the difference between the radius of P atom and N
atom is large after adding P atom, which leads to the distortion of chemical bond between

surrounding atoms and the lengthening of bond length.

The electronegativity of P is less than that of C and N, so P gives electrons in the graphite layer,
which is positively charged. The positive charge of Co becomes weaker and the negative charge

of N is more negative.
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Table. S5. The comparison of IRR performance of nonnoble-metal counter electrodes in other

works.
Sample PCE Author Year Reference
Chem.
TiN, TaN ~ 7.73% % P'a?ao e 5009 Commun.,2009,
’ 6720-6722.
Tingli Ma et Energy Environ. Sci.
0 D)
Carbon  7.5% al. 20015611 4, 2308-2315.
. Angew. Chem. Int.
MoC  8.34% ngtha 5011 Ed. 2011, 50, 3520-
al 3524.
FeS,, 7.31%; Chgﬁ_e\:el Angew. Chem. Int.
CoS, Minakai 2013 Ed. 2013, 52, 6694-
MoS 6.5% & 6698.
Wang et al.
) . . Angew. Chem. Int.
_ 0
Com Sore Lanemin YU a014 Bd. 2014, 53, 10799-
y 025 . 10803.
. Angew. Chem. Int.
ZHOF: 8.82% Zmin'ljt“:l 2014  Ed. 2014, 53, 7023-
y getal 7027.
Dehui Deng et Angew. Chem. Int.
_ 0
Co-C 8.4% al. 2016 p4"2016, 55, 1-6.
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