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Rational design of carbon nitride for remarkable
photocatalytic H2O2 production

Heng Zhao,1,4 Qiu Jin,2,4 MohdAdnan Khan,1 Steve Larter,3 Samira Siahrostami,2,* MdGolamKibria,1,*

and Jinguang Hu1,5,*
The bigger picture

Solar-driven two-electron oxygen

reduction reaction (2e� ORR)

provides a milder, safer, and lower

carbon intensive approach for

H2O2 production compared with

the industrial anthraquinone

oxidation process. In this work, we

screen carbon nitride-based

photocatalysts via density

functional theory (DFT)

calculations by simultaneously

taking H2O2 generation and

decomposition into

consideration. The DFT results

provide strong evidence and

guidance to design a modified

carbon nitride with heteroatomic

oxygen at the pristine position of

graphitic nitrogen and cyano

groups coupled with amino

nitrogen at the edge of crystalline

nanosheets. The introduced

heteroatomic oxygen efficiently

reduces the overpotential for

H2O2 generation, while the cyano

group plays a vital role in

inhibiting the in situ H2O2

decomposition. The screened

photocatalyst is rationally

synthesized, and unprecedented

H2O2 evolution is achieved via the

2e� ORR process along with

�100% acetone selectivity from

isopropyl alcohol oxidation.
SUMMARY

Photocatalytic oxygen reduction reaction (ORR) on graphitic carbon
nitride offers a sustainable route to produce H2O2. However, the
current solar-to-H2O2 conversion efficiency is still limited by the
high overpotential of 2e-ORR process and in situ H2O2 decomposi-
tion. Here, we aim to overcome these challenges by introducing
the heteroatomic oxygen and cyano group. Density functional the-
ory (DFT) study reveals that oxygen doping at the pristine position
of graphitic nitrogen significantly contributes to reducing the over-
potential for H2O2 formation. The introduced cyano group coupled
with amino nitrogen at the edge of crystalline nanosheets synergis-
tically interacts with doped oxygen to further boost H2O2 produc-
tion and also efficiently inhibits H2O2 decomposition. As a result,
visible light-driven H2O2 production at 5.57 mM/h is achieved along
with selective counterpart oxidation of isopropanol to acetone at
100% selectivity. A rigorous process model combined with a
techno-economic analysis (TEA) provides guidance for the develop-
ment of an economically feasible photocatalytic H2O2 production
process.

INTRODUCTION

Hydrogen peroxide (H2O2), being one of the top 100 important chemicals in the world,

holds hugemarket potential in industry for wastewater treatment, disinfection, and pulp

bleaching.1–3 Currently, over 95% of the total H2O2 is produced in industry by the

anthraquinone oxidation process, which suffers from high energy consumption and

toxic emissions.4 Alternatively, solar-driven water oxidation or oxygen reduction in

the presence of saturated oxygen or air provides a promising route to produce H2O2

under mild, safe, and low carbon intensity conditions.5–8 The H2O2 evolution from the

two-electron oxygen reduction pathway needs the initial generation of the superoxide

radical (O2
�) via a single-electron reduction (O2 + e �/O2

�) process, followed by pro-

ton-coupled electron transfer to produce H2O2 (O2 + 2H+ + e �/H2O2).
9,10 To

improve the solar-to-H2O2 efficiency, researchers have mainly focused on the rational

design of suitable photocatalysts that are selective toward the two-electron oxygen

reduction reaction (2e� ORR) and also suppress the competing side reactions: 2e� pro-

ton reduction to H2 and 4e� ORR to H2O.11–14

Among the various photocatalysts investigated, graphitic carbon nitride (g-C3N4

[CN]) has received tremendous research interest due to its unique features, such

as suitable band gap for visible light absorption, proper valence, conduction band

positions, and abundance of its constituents (i.e., N and C and high stability).15,16

Most important, recent work demonstrates that CN-based photocatalysts exhibit ac-

tivity for the 2e-ORR pathway to selectively produce H2O2 under visible light
Chem Catalysis 2, 1–14, July 21, 2022 ª 2022 Elsevier Inc. 1
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irradiation.12,17–19 To improve the photocatalytic (PC) activity for H2O2 production of

bulk CN, various strategies have been developed to improve the utilization of pho-

togenerated electrons and reduce the hydrogen evolution reaction such as nano-

structure design,20,21 heteroatoms doping,22,23 defect engineering,24,25 and the

formation of heterojunctions with other semiconductors or metals.26,27 However,

the demonstrated yield of H2O2 is usually in the scale of micromoles per hour and

is distant from commercialization.6 This is mainly due to the high overpotential

(low limiting potential) for selective H2O2 production in the 2e� ORR pathway.28

However, designing a single active site to reduce overpotential is always accompa-

nied by the rapid reverse reaction: H2O2 decomposition.29 In addition, limited

visible-light absorption, low substrate (sacrificial agents) accessibility, and high

charge carriers recombination are some of the key challenges for efficient CN-based

PC H2O2 production.
30

The introduction of defects into the heptazine unit of CN is an effective strategy to

modify its band-gap structure, extend light absorption, and improve charge separa-

tion capacity.31,32 Among various point-defect engineering strategies, heteroa-

tomic dopant (e.g., S and O) and cyano group introduction have demonstrated

improved solar-driven H2O2 production.
33–35 However, their roles in reducing over-

potential for PC H2O2 production and inhibiting H2O2 decomposition are still lack-

ing. In addition, the use of sacrificial agents (e.g., isopropyl alcohol) is always needed

as electron donors to maintain PC H2O2 production activity.36 Using low-value sacri-

ficial agents and/or selectively converting them valuable products is also crucial to

drive its economically feasible toward PC H2O2 production.

Here, we use density functional theory (DFT) calculations to systematically study the

effects of heteroatomic oxygen doping and cyano group introduction (separately

and simultaneously) on lowering the overpotential for H2O2 formation and inhibiting

H2O2 decomposition over CN. The introduced heteroatomic oxygen in CN to

partially replace pristine graphitic nitrogen is revealed to be the bifunctional active

site for both H2O2 production and decomposition, while the negatively charged

cyano group synergistically reduces reaction overpotential for H2O2 formation and

provides a high potential barrier for H2O2 decomposition. Following our DFT calcu-

lation, the target photocatalyst with fixed heteroatomic oxygen and cyano group is

synthesized by a facile hydrothermal pretreatment and molten salt method. As a

result, the as-fabricated photocatalyst exhibits record high H2O2 production yield

(5.57 mM/h) under visible light, along with selective acetone production (100%

selectivity) from isopropanol oxidation. A reasonable amount of H2O2 could also

be produced in the presence of low-cost electron donors such as cellulosic biomass

and its derivatives. Techno-economic analysis (TEA) is then conducted based on the

demonstrated lab-scale performance to reveal the economic feasibility of PC H2O2

production.

RESULTS AND DISCUSSION

Theoretical prediction of efficient photocatalyst

To understand the roles and functions of heteroatomic oxygen doping and cyano

group introduction and guide the efficient catalyst design for PC H2O2 production

via 2e� ORR process, four types of model structures were established to represent

pristine CN, oxygen doped CN (OCN), CN with cyano group (NCN), and CN with

cyano group and heteroatomic oxygen (NOCN) with both edge- and basal-type

active sites (Figure 1A). Various oxygen locations were included in the OCN and

NOCN model structures to reveal the effect of oxygen functional groups such as

O and OH (Figures S1 and S2). Figure 1B displays the calculated limiting potentials
2 Chem Catalysis 2, 1–14, July 21, 2022
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Figure 1. DFT calculation of different model structures

(A) Atomic structures representing different possible active sites in CN, OCN, NCN, and NOCN.

(B) Calculated limiting potentials for 2e� ORR over various model structures in (A).

(C) Activity volcano plots showing the calculated limiting potential as a function of DGOOH*. Pink-shaded area represents the region with high selectivity

toward the H2O2 product.

(D) H2O2 decomposition over the cyano group in NOCN.

(E) H2O2 decomposition over heteroatomic oxygen in NOCN.
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(the highest potential at which all of the elementary steps are downhill in free energy)

for 2e� ORR on different active sites in CN, OCN, NCN, and NOCN. Higher limiting

potential corresponds to lower overpotential, thus higher activity toward H2O2 pro-

duction. All of the edge- and basal-type models were screened for the limiting po-

tential calculation (Figure S3). The limiting potential of CN is only 0.07 V, while the

limiting potentials for most OCN are predicted to be 0.21–0.34 V. As an exception,

the B-O2-2 shows even lower limiting potential (0.01 V), indicating the presence of

heteroatomic oxygen, and its position is the key factor for enhancing H2O2 produc-

tion (Figure 1B). The introduction of NCN is revealed to have a similar contribution to

H2O2 production in regard to the calculated limiting potentials (0.24–0.36 V). Upon

the introduction of oxygen and cyano groups simultaneously (NOCN structures),

both calculated limiting potentials (0.08–0.58 V) and the number of active sites in-

crease, which indicates their potential synergistic effect on boosting H2O2

production.

Figure 1C displays the theoretical volcano plots using the limiting potential as a func-

tion of DGOOH* for H2O2 production. The pink-shaded area shows the region with

high selectivity toward the H2O2 product. This analysis shows how structural differ-

ences can influence the reactivity of CN, resulting in different H2O2 production

activity and selectivity. The NOCN-E-O4 has the highest 2e� ORR activity, with

the maximum limiting potential of 0.58 V (Figure 1B). However, it also requires

high formation energy (3.50 eV; Figure S4), resulting in an unstable structure.

Thus, the most active site during the 2e� ORR should be the NOCN-E-O5, with a

slightly lower limiting potential of 0.53 V, but much lower formation energy (0.76

eV; Figure S4). Meanwhile, the adsorption of O2 on the models of CN, OCN,

NCN, and NOCN was also systematically investigated (Figure S5). NOCN-E-O5

was further revealed to be the active site for H2O2 generation as it has a properly

strong O2 adsorption, high limiting potential, and low formation energy.

The in situ decomposition of H2O2 is another factor that limits the overall PC perfor-

mance of the catalyst. Rational photocatalyst design should also take into consider-

ation the H2O2 decomposition inhibition. The in situ H2O2 decomposition was then

investigated on the active site of the cyano group and heteroatomic oxygen. The re-

sults clearly show that the H2O2 decomposition is a typical endergonic reaction and

theDG fromH2O2 toOOH* on the cyano group is 1.78 eV (Figure 1D), indicating that

the introduced cyano group could efficiently inhibit the H2O2 decomposition.

On the one hand, although introduced oxygen contributes to H2O2 generation by

reducing the overpotential of O2 activation, it also contributes to H2O2 decomposi-

tion with the easy formation of OOH* intermediates (Figure 1E). Here, the DFT

calculations clearly show the oxygen doping acts as a bifunctional active site for

accelerating H2O2 production and decomposition. On the other hand, the intro-

duced cyano group synergistically cooperates with doped oxygen to further reduce

H2O2 formation overpotential. More important, it also prevents in situ H2O2 decom-

position. The DFT results also unveil the best location for introducing oxygen (loca-

tion of pristine graphitic nitrogen) and the cyano group in pristine CN for H2O2

production.

Catalyst design and characterization

According to the guidance from DFT calculations, photocatalysts with a specific mo-

lecular structure (NOCN-E-O5) should be precisely synthesized. Here, pristine CN

was rationally modified to synthesize four different catalysts: doped with heteroa-

tomic oxygen (OCN), doped with cyano group (NCN), and finally doped with oxygen

and cyano group (NOCN). Briefly, CN was directly prepared by the calcination of
4 Chem Catalysis 2, 1–14, July 21, 2022



Figure 2. Schematic illustration of the fabrication process and morphology of NOCN

(A) Schematic illustration of catalyst preparation.

(B) Transmission electron microscopy (TEM) image of NOCN.

(C) High-resolution TEM (HRTEM) image with selected area electron diffraction (SAED) pattern of NOCN.

(D) High-angle annular dark-field scanning TEM (HAADF-STEM) and corresponding elemental distributions.
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melamine, while the calcination of pre-treated melamine with H2O2 was used to

partially replace pristine graphitic nitrogen according to the literature.37 The Fourier

transform infrared (FTIR) results confirmed the introduction of oxygen in melamine

after hydrothermal treatment (Figure S6). The obtained CN and OCN were further

functionalized by potassium thiocyanide (KSCN) to prepare NCN and NOCN with

cyanamide defects, respectively (Figure 2A). The as-prepared CN exhibited bulk

morphology, while the OCN from the pre-treated melamine showed the

morphology of particles (Figure S7). Reduced sizes were achieved for the function-

alized NCN and NOCN by KSCN. The NOCN is constructed by numerous exfoliated

nanosheets with high crystallinity (Figures 2B and 2C), and the introduced oxygen

dopant is also evenly distributed in the framework of NOCN (Figure 2D). The inter-

calation of K+ could be revealed by the disappearance of in-plane packed heptazine
Chem Catalysis 2, 1–14, July 21, 2022 5



Figure 3. Structural analysis of samples

(A) C 1s high-resolution XPS spectra of CN, OCN, NCN, and NOCN.

(B) N 1s high-resolution XPS spectra of CN, OCN, NCN, and NOCN.

(C) Solid-state 13C NMR spectrum of NOCN.

(D) ESR spectra of CN, OCN, NCN, and NOCN.
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units (100) at approximately 13
�
, the shift of p-p interlay stacking (002) at approxi-

mately 27.4
�
, and the presence of peaks below 10

�
(Figure S8).25,38 The characteristic

infrared vibration of the N–H bond at 3,315 cm�1 and 3,090 cm�1 disappeared, and

peaks at 2,122 cm�1, 2,080 cm�1, and 1,576 cm�1 appeared in NCN and NOCN,

indicating the introduction of the cyano group (ChN) at the edges to replace the

initial –NH2 group (Figure S9).9

Structural analysis of NOCN

The changes in chemical structure were further investigated by X-ray photoelectron

spectroscopy (XPS). All of the XPS results were calibrated by the sp2C=C at 284.8 eV.

It is clear that OCN and NOCN showed a typical O 1s peak, while NCN and NOCN

showed typical K 2 s, K 2p, and S 2p peaks (Figure S10), which is greatly consistent

with a previous report.34 The detected C–NHx in CN and OCN disappeared after

functionalization by KSCN, indicating the replacement by the cyano group (ChN)

in NCN and NOCN (Figure 3A). The presence of doped oxygen with the formation

of a C–O chemical bond was also confirmed in OCN and NOCN. The typical N-(C)3
was detected in CN and OCN, while NCN and NOCN exhibited greatly reduced in-

tensity and a significant shift to lower binding energy, indicating the introduction of

nitrogen vacancy after functionalization by KSCN (Figure 3B). The carbon:nitrogen

ratio was calculated to be 0.80, which is higher than the theoretical value of pristine

CN (0.75), indicating the presence of nitrogen vacancy inNOCN. Theoxygen content

in NOCN was also calculated accordingly, and the value was 5.6%. Solid-state 13C

NMR demonstrated five types of carbon in the as-prepared NOCN, and the final
6 Chem Catalysis 2, 1–14, July 21, 2022



Figure 4. Photocatalytic H2O2 production of as-prepared samples

(A) Time course of H2O2 production for different photocatalysts.

(B) H2O2 decomposition over different photocatalysts.

(C) TRPL spectra with characteristic lifetime.

(D) UV-vis absorption spectrum and apparent quantum yield (AQY) of NOCN.

(E) Cycling test for photocatalytic H2O2 production over NOCN.

(F) Photocatalytic H2O2 production over NOCN in the presence of different electron donors.

(G) Isopropanol conversion and acetone selectivity during the photocatalytic H2O2 production over NOCN.

(H) ESR signals of DMPO-O2
� over different photocatalysts.

(I) Proposed mechanism for photocatalytic H2O2 production over NOCN.
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atomic configuration of NOCN was illustrated based on the above characterization

results (Figure 3C), which matches well with the DFT-calculated most active site

(NOCN-E-O5) for the 2e� ORR process (Figure 1). The introduced oxygen and nitro-

gen vacancy both increased the content of structural defects (Figure 3D), which help

to enhance light absorption and charge separation efficiency (Figure S11).33,39

PC evaluation of catalysts

PCH2O2 production was first evaluated over different photocatalysts in the presence

of isopropanol as an electron donor. The presence of O2 in the aqueous solution was

revealed to be one of the essential factors for H2O2 production (Figure S12). All of

the photocatalysts exhibited an almost linear H2O2 evolution rate during the first

3 h and then slowly plateaued (Figures 4A and S13). The pristine CN exhibited an
Chem Catalysis 2, 1–14, July 21, 2022 7
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H2O2 production rate of 0.17 mM/h within 3 h, while the OCN showed a slight in-

crease to 0.22 mM/h. Although the introduced heteroatomic oxygen was proved

to be the active site for H2O2 production, as it can reduce the overpotential (Fig-

ure 1B), the preferred in situ H2O2 decomposition leads to the limited overall

H2O2 generation activity (Figure 4B). The functionalized photocatalysts NCN and

NOCN showed 3.22 and 5.57 mM/h H2O2 evolution rates, respectively; these are

18.9 and 32.8 times higher than that of pristine CN, indicating the great synergistic

effect of introduced oxygen and the cyano group. The H2O2 production efficiency is

consistent with the photoelectrochemical performance of these photocatalysts (Fig-

ure S14). The achieved H2O2 production in this work has significantly improved

compared to reports in the literature (Figure S15). The introduction of the cyano

group was revealed to inhibit H2O2 decomposition (Figure 4B), which is consistent

with our DFT calculation (Figure 1D). The time-resolved transient photolumines-

cence (TRPL) spectra demonstrates the consistent trend of photoluminescence life-

times with H2O2 production activity over different photocatalysts (Figure 4C). The

solar-to-H2O2 production efficiency was evaluated by apparent quantum yield

(AQY) under different monochromatic light conditions (Figure S16). The NOCN ex-

hibited the highest AQY, 4.75%, and the trend is consistent with the light absorption

spectrum (Figure 4D). The cycling test by recovering the photocatalyst after reaction

demonstrated the outstanding recyclability and physicochemical stability of the

NOCN photocatalyst (Figure 4E).

The H2O2 production involves the photogenerated hole consumption with electron

donor (sacrificial agent) andO2 reduction by the photogenerated electrons.40 Select-

ing a suitable electron donor (e.g., sustainable, efficient, low cost) and selectively

converting it to a high-value product is an essential factor (but less explored) for

the economically feasible PCH2O2 generation.We investigated the efficiency of con-

ventional alcohol electron donors (from C1 to C3) with different amounts of hydroxyl

groups.We noticed that long-chain alcohol benefitedH2O2 production, andmultiple

hydroxyl groups also contributed to higher H2O2 evolution activity (Figure 4F). In

addition, we observed that biomass-derived components such as glucose, cello-

biose, and avicel (crystalline cellulose) can also serve as electron donors for H2O2 pro-

duction, but at lower efficiency due to their more complex molecular structure. More

important, the well-designed NOCN also exhibited considerable activity to produce

H2O2 in pure water (36.5 mM/h), without any sacrificial agents, which is lower than the

activity in the presence of avicel as an electron donor (Figure S17). Since the selective

conversion of the electron donor to valuable products is also equally important, we

next explored the product profile of these small molecular electron donors (within

three carbons) after photocatalysis. The results indicated that our rational designed

photocatalyst (NOCN) could selectively convert isopropanol, the widely used sacri-

ficial agent to timely consume photogenerated holes for H2O2 production,41,42 to

acetone with 100% selectivity (Figure 4G). While other electron donors tested here

showed more diverse products profiles. Electron spin resonance (ESR) was per-

formed to confirm themechanism for H2O2 production. O2
� was revealed to be pro-

duced during the reaction, and the relative ESR intensity order was consistent with

the H2O2 production activity of different photocatalysts (Figure 4H). Here, based

on our results and the previous literature,9,38 the mechanism for H2O2 production

over NOCN was proposed (Figure 4I). The separated photogenerated electrons

trigger theORR to first produceO2
� and then two protons combine with O2

� to pro-

duce H2O2. Meanwhile, the photogenerated holes induce the isopropanol oxidation

to selectively produce acetone. The introduced heteroatomic oxygen and cyano

group synergistically reduces the overpotential for H2O2 production, while the nega-

tively charged cyano group inhibits the in situ decomposition of H2O2.
8 Chem Catalysis 2, 1–14, July 21, 2022



Figure 5. Techno-economic analysis of photocatalytic H2O2 production

(A) CAPEX of photocatalytic H2O2 production along with isopropanol oxidation.

(B) Annual OPEX of photocatalytic H2O2 production along with isopropanol oxidation.

(C) Annual revenue of photocatalytic H2O2 production along with isopropanol oxidation.

(D) Sensitivity analysis to illustrate the impact of changes in key parameters for the photocatalytic process.

(E) Contour plots of band gap (eV) versus overall efficiency (%). Black dashed line indicates the current (as of this writing) market price of H2O2 (50%) at

0.8 US$/kg.
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Techno-economic analysis

We carried out TEA of a potential PC system to produce H2O2 via 2e� ORR, with

isopropanol as electron donor. The objective of the TEA was to gauge catalyst per-

formance and other cost targets needed to drive the economic feasibility of the

process. The details of the plant design, methodology, and parameters used are

described in the experimental procedures. The capital expenditure (CAPEX) costs

are dominated by the cost of the PC solar farm that is the individual reactors fol-

lowed by the cost of the distillation columns (Figure 5A). The annual operating

expenditure (OPEX) indicates that the isopropyl alcohol (IPA) cost is the major

contributor followed by steam costs for the separation process (Figure 5B). This

is understandable, as the envisioned solar-driven PC process would be a capital-

intensive process with no energy costs associated with it, leading to the IPA cost

playing a dominant role in the annual OPEX. Lastly, the produced H2O2 contrib-

utes �29% of the annual revenue, while acetone contributes �71% to the annual

revenue (Figure 5C). Compared with the mineralization of the sacrificial agents,

the selective acetone production (�1.2 US$/kg with �85 t production per day)

from IPA versus 50 t of H2O2 production per day realizes the feasibility of this

PC process.

Sensitivity analysis indicates that the minimum selling price (MSP) of H2O2 is

�0.5 US$/kg, which is lower than the current market price (MP) of �0.8 US$/kg for

a high concentration (50%) of H2O2 (Figure 5D). Among all of the parameters, IPA
Chem Catalysis 2, 1–14, July 21, 2022 9
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and acetone prices play the biggest role in controlling the MSP of H2O2, while the

cost of land and catalyst replacement are a negligible proportion (Table S1). Among

the catalyst-related parameters, the band gap of catalyst and overall efficiency play a

major role in driving economic feasibility. In a base scenario in which we have taken

the catalyst band gap to be 2.3 eV and overall efficiency of 30%, the MSP of H2O2

falls below the market price. This can be overcome by using low band-gap catalysts

as depicted by the contour plot, revealing the interplay between these two critical

parameters of band gap and efficiency (Figure 5E). A low band-gapmaterial requires

low overall efficiency, which limits the stability of the system. The use of a higher

band gap and more stable photocatalysts increases the requirement of overall effi-

ciency of the process. The results suggest that for our process, which selectively

makes H2O2 along with the valuable by-product acetone, low overall efficiencies

of 10% are acceptable if a low band-gap (�2–2.1 eV) material is used that absorbs

major fractions of sunlight.

Conclusions

DFT calculations provide clear guidance for the modification of CN to boost PC

H2O2 generation. Heteroatomic oxygen and the cyano group are rationally intro-

duced to synergistically reduce the overpotential for H2O2 formation. Meanwhile,

the negatively charged cyano group contributes to inhibiting the in situ decomposi-

tion of H2O2. As a result, 5.57 mM/h of H2O2 generation is achieved on the NOCN

photocatalyst with 100% acetone selectivity from isopropanol oxidation. Techno-

economic analysis reveals the target overall efficiency and band gap to make our

proposed process economically compelling for practical applications. This current

work sheds light on designing photocatalysts for boosting H2O2 production in solar

energy conversion.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-

filled by the lead contact, Jinguang Hu (jinguang.hu@ucalgary.ca).

Materials availability

Full experimental and spectroscopy measurement details can be found in the sup-

plemental information.

Data and code availability

All of the data supporting this study are available in the manuscript and supple-

mental information.

Photocatalyst synthesis

All of the chemicals were purchased from Millipore Sigma and were notpurified

further. Typically, 7.2 g melamine was added into the solution of 15 mL H2O2 and

35 mL deionized (DI) water with sonication for 10 min. The suspension was sealed

in a 75-mL Teflon-lined autoclave and heated to 140�C for 12 h. The obtained white

solid (oxygen-doped melamine) was washed with DI water and ethanol 3 times and

dried in an oven overnight at 60�C. Oxygen-doped melamine was then annealed at

550�C for 2 h with a ramp rate of 0.5�C/min in argon to prepare yellow OCN. The

obtained OCN (0.5 g) was mixed with 1 g KSCN, and the mixture was fully grounded

before calcination at 550�C for 4 h with a ramp rate of 5�C/min in argon to prepare

OCN with cyanamide defects (NOCN). Pristine CN and CN with cyanamide defects

(NCN) were also synthesized accordingly.
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PC H2O2 production

A PC H2O2 test was performed on a commercial PQ256 off-line reactor from Beijing

Perfectlight (Figure S18). Typically, 50 mg photocatalyst was dispersed in a 100-mL

10 vol % isopropanol solution with sonication for 0.5 h. The system was purged with

oxygen during the whole reaction. A 300-W Xenon lamp (Excelitas Technologies)

was used as the light source. A 1.5-mL solution was sampled every 0.5 h and centri-

fuged to remove photocatalyst. A 1-mL supernatant wasmixed with a 1-mL 0.1mol/L

potassium hydrogen phthalate aqueous solution and a 1-mL 0.4 mol/L potassium io-

dide (KI) aqueous solution. The above solution was kept for 1 h and the H2O2 con-

centration was determined by UV-visible light (vis) spectroscopy at 350 nm, which

is ascribed to the light absorbance of triiodide anions (I3 �) from the reaction

H2O2 + 3I� + 2H+ / I3
� + 2H2O. The liquid products from electron donors were

analyzed by high-performance liquid chromatography (HPLC, 1200 Agilent system)

equipped with a refractive index detector (RID). The column was Hi-Plex H

(6.5 3 300 mm, 8 mm, Agilent) and 0.005 M H2SO4 was used as an eluting solvent

with a flow rate of 0.6 mL/min.
Computational details

We used DFT calculations with Vienna ab initio Simulation Package (VASP) code.43

The projector augmented wave (PAW) method was used to describe the interactions

between the electrons and ion cores.44 The electron exchange and correlation en-

ergy were described using the Bayesian error estimation functional with van der

Waals correlation (BEEF-vdW) function.45 A plane-wave cutoff energy of 500 eV

was used to expand the wave functions. The total energy convergence was set to

be lower than 10�6 eV, and the convergence criterion for geometry optimizations

was a maximum force of 0.02 eV/Å. Four types of periodic CNmonolayers were con-

structed to describe CN, OCN, NCN, and NOCN, as shown in Figure 4A. The Mon-

khorst-Pack method was used for k-point sampling, andmore than 12 Å of vacuum in

the z direction was adopted to separate the slabs.

The two-electron reaction pathway for ORR can be written as:

O2 + ðH+ + e �Þ+ �/ �OOH
�OOH+ ðH+ + e �Þ/H2O2 + �
The reaction-free energy of each elementary step for the ORR is calculated using the

computational hydrogen electrode model developed by Nørskov et al.46 Frequency

corrections were added to the calculated electronic energies as follows:

DG = DE +DZPE � TDS +DGU +DGpH +DGfield
DGU = eU
DGpH = 0:05923pH;

where DE is the total energy change obtained from DFT calculations, DZPE is the

change of zero-point energy, T is the temperature (298.15 K), and DS represents

the change of entropy. U is the electrode potential (versus reversible hydrogen elec-

trode), and e� is the charge transferred. DGfield is the free energy correction due to

the electrochemical double layer and is neglected as in previous studies.46,47 Zero-

point energy and entropies of the adsorbed species were calculated from the vibra-

tional frequencies. Under pH = 0 and U = 0 V, GðH+ + e �Þ = 1
2GðH2Þ. The free

energies of H2O and O2 were calculated from gas-phase H2O at 0.035 bar, H2 at

1 bar, 298.15 K, and 2GðH2OÞ � 2GðH2Þ � GðO2Þ = � 4:92 eV .
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In addition, we studied the stabilities of the OCN and NOCN structure by calculating

their formation energies as follows:

DEdðOÞ = EO � Ed � nOmO ;

where EO and Ed are the total energies of OCN and NOCN structures with and

without oxygen introduction, and nO and mO are the number and the chemical po-

tential of oxygen, respectively.
TEA

The TEA analysis was conducted for a plant designed to produce 50,000 kgH2O2/

day, operate for 350 days/year, with a plant lifetime of 20 years, and a depreciation

lifetime of 10 years. The plant was designed based on a production and separation

plant (Figure S19A). The PC production plant consists of multiple individual PCmod-

ules replicating the design of solar photovoltaic (PV) plants. Figure S19B is a block

flow diagram of the methodology adopted to calculate the rate of production, the

respective plant size/area needed, and the associated costs. The base case assump-

tions of process parameters are listed in Table S2.

The individual PC modules were designed to be 1 m2 sized UV-transparent poly-

methyl methacrylate (PMMA) boxes inside which catalyst-coated PMMA sheets are

placed. The catalyst thickness was assumed to be 50 mm and the density of the

film was assumed to be the same as bulk CN at 2.336 g/cm3. A detailed schematic

showing the design features of the individual PC module is presented in Figure S20.

A 1.3-M isopropanol solution along with O2 is fed into the PC modules through a se-

ries of pumps in which, under sunlight, irradiation photocatalyst material selectively

generates H2O2, with acetone as the valuable by-product.

The material balance was calculated based on Equations 1 and 2:

O2 + 2e � + 2H+/H2O2 (Equation 1)
C3H8O + 2h+/C3H6O+ 2H+ (Equation 2)

Figure S21 shows the sunlight irradiance at sea level, whichwas used in combinationwith

the band gap of the catalyst to calculate the available photon flux for the photocatalyst

material. The liquid separation process, which consisted of two distillation columns, was

modeled using Aspen Plus version 10.0, and capital and utility costs were estimated us-

ing the Aspen Process Economic Analyzer version 10.0. High-concentration H2O2 was

produced at the outlet of the distillation columns at�50% concentration (the remainder

is water), while the acetone purity was�98%. The financial parameters used are summa-

rized in Table S3 and the cost parameters are summarized in Table S4.
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