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1.

CHAPTER 1

NTRODUCTI ON

1. GLOBAL ENERGY PROBLEM
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eonsfgamwi ng demanand otrhe nem\ygiyronment al i mp a
d constmgtiwbheh the unbal anced distribution

rl d ma k e t he gl obal energy probl em tohnee 0 |
nNntempor aTlye eprmeblggm has massive implicati on:
stainability, economic and pol $itmce stladi gi
pul ation and economies ,ahe demaodt ifmouowEneex
an exponenti al rate. The economic and so
onomies -wartbweposts boom to the Dpbrdeadler aie
d naturmalt gaepresent I mmedi ate andNowhdaysel
massifoesi | cohmslusnpt iespeicin alelmgr gi ng economi e
peri encdealgagedomic amad owtolrp racgsoennt one hand

di scoappedt woiwtew t he industrialization and m
her amanidmportant environmessaial Ppuebsemepses
tributors to greenhouse goaftsh e mdlsismathid e amaln

n
vironmental effect ofentehigsyerxelratnmed etxgp |toh & arte
oxi ke dL£0a product of ftoesiClambualt dookhde mai
sponsi bl e of t he greenhouse effect l eadin
ni festation, and the degradation of natur al
e process ofr eefxitnmreadtetnto a scimmudfeuelnport ant en\v
reversible damages wher e t hen, mowat ewor s g u
ntamination and naturnaladhdabtiitoant tdoe sé¢ mwicrt o ro
pendence onsfaosgiéebpghlantpd ¢ kaFlacnsng the gl oba
i sis requires a smulctei fwdha d tee d oanqepmre®ayclones, t

ve stable and affordabl e ener gy csouupnptiriieess, shu



ener gy paevemrutly.iapapcreataecdh i ncl udes the gradual

renewabl e and sustainabl e energy sources.

1. 1RENEWABLE ENERGY SOURCES

The primary candidates as alternatives to car
and heenewabl| es oceuretféddyy dr oel ectric is a clean
requires building dams to st or anuguoctleenatri aln eerngey
its own challenges Iincostmanadf hssooirmgawhygt é:
di scoes@reici ally inr¢bEnwagkei malBdTihsea srteenrewabl e

primary energy sources have their advantages
reasons that has cemented the domceahoaey, obes
their | ow cost, is the ability to provide the
throughout tRenewtbte g¢eaargy souricerseo@tddtEert lteé

are intermittent, whet hseun,e nweirngd acwa dtoigceense.tr by e
peak operation, camegquaddraseupceduction of en
the relglueesse .systems would require powerful en
el ectrochemical capacitors, to smooth thié! dif
Over the year s, the issue concerning the sto
sources has gain a central role in the scient

a zempact ifsutdurfd i cul t to envision wietfhieet i ve
systems that all ow the safe cobBsergnt sommade
renewabl e sostrac esomnmrsigdid-trebmt Bt sehage (houfs or
term storage (WwWe&Namkhy drecrhamotllog)i.cal systems are
the specific purpose of excess energy storage
hi storically famous is the hydroelecalifci Iplowme
hi@qhtitude reservoirs exploiting pumps power e
this technology is far from sufficient to mee
each nation to ensure gridespabi allty windhpaew

complete futurelnergy transition



1.1.3 ENERGY STORAGE | SSUE

Many other technologieshwgdeoguetéeradvanwed ha:
but there is currently no definitive strategy
the issue of energy storage fromhremewdblceo mina
i mmedi ate answer to the question fidbfat ¢.eeTlgeg 0 s

wi despread use of -remhbageebies|ihhreament yea

soci etoi have energy readily availabl e, even wi
el ectrical grid. Naturally, b1 wieom tbhaetitrerglesb
focus of current attention in this field. Thi
of l it hi t)ym whinsh (rhiigrate towards one &electro
di scharge phase, while moving on the opposite
anode, during thdhic®hatgegchgolpbgaygehas become s
because it i's particularly 1l ightweight and e
thousaokharag@é@dl di scharge cycles, offers high en
efficiency. The wversatility of these devices
from domestic usefenmergnhefsomr agqege wind or
Nevertheless, |ithium batteries have two majo

too high to be considered an acceptabste doéeut

Il i mi ted amouwhi hoef s$leictomidunp,r obl em si soft heex prlaorsei o

fires. Although this possibility is remote, tI
must be carefully desc¢gunedegnnitheep.reenveer gty ftpir@asdeu ¢
renewabl e sources and its stormagerawiemedvgy are
storage is only advanctoasgte,ouisntiefr niihtetreenta reen elra\

The batteries techimelhegineoss tn oceolnineeyrsce natlt e s we
st orpmrgeeblaemm, t hi s expdraeg nwiwheyl yt hvesyed i n el ectri
as well as in portable devices. I n | ighthef

di scussedthimitechnol ogy wimpr #vWdénti nue to gro

1.1.4 HYDROGEN AS STORAGE ALTERNATI VE

I n dhecusadoobhenergy storage from intebensitdent
batt erryideesohgaesn plabgadi ng rol e, especially in re:q
commonly meetedbered,to the colourless and odou



hydr ogen bpaHHydrsogen was discovered in 1766 by
06hydrogendé, which derives from Greek and mean
the el ement-Ldwyr ePanvtooiiGhieer hydrogen atom is the
el ement uminv darmsglet,s al § b imotbéa abundant on Earth.
typically found bonded to abhtdernehgdcdeaoatarbenc
where hydrogen at oms oar e afrtbeomneHly d roo goexny ggeans, or
hand, used for energy pexpsseen Haeshnahdnaha
extracted | i ke coal, met hane, or oil . Therefo
player and starting pobsthte pooldébesgydaysanst he

t wo commercially available sources of hydroge
water. Coal , oi I, and natur al gas can be deco
hydr ogeinma & Us, ecsa, car bdAn padiocxisde wi del y utshead i s
reforwhiincgh i ncreases the octane | evel within a8
gas as a byproduct . This approach, naturally
dependence on fossil fuel s, which is why hyd

hydrogdme process of producing hydrogen form
requires an energy source in the form ofnelec
and renewabl e sources, the hyhdyrdorgoegnd mpirso dpurceeae
known as water electrolysis, and itexyg@iyl prc

Since hypmrogamred by harnessing other energy s

sourewnbenergy carrier. This characteristic m
renewabl e and nucl ear sources. Given the inte
t he sur pliuns feohwrgmd gopfge mIwouw dam lkaee gy cafoirer

uswhen renewable production decreases. As for
continuous and constant energy proamctoohhat.
renewabl es sources. Energy demand is not con:¢
during periods of | ow demand, the energy proc
wasted or sold at very | ow pr, ciers.t Hy~orwlgdEemae i

usefatemtrhe excess energy produced andvoax gl @il tsic
help to keep the pricek*Cofhceudiergt oeotfathgygrsotgeeh

this gas is extremely efd amnkaeb |[feo sasnidl cfaune | bse, bbul
byroduct . However  ,usteheet honaols 0t Ré6fakeéntcel | s. F
advanced electrochemical devices that gener af
bet ween hydrogen and oxygen, producing only

4



traditional combustion engines, fuel cel-1 s or

80%), and produce zero emissions at the point
clean energy applications. They mgeteapbpbdt td
stationary power generation, and portable devi
reliance on fossil fuels and mitigating envir

make them a key technaslusdyiinmabtl kee etnraahygsu asliyosrnee
cell technology is at the base of most hydrog:
promising advantages, hydrogen has sever al i s
energy contained in hydrogen molngc uloes siid rhwe
density of the ngas O0i.sO 8vdenrgylAVHOH w8,( JE+298K,), P=1
Sso its transportmamagisngrlagrge nwvoll vBBebowr s bing |

data that may clarify why the issue of hydrog

traditional f osasiclo nfipuleelxsT preeopbrheesnegnyt per uni t ma
t heombustion of hydrogen is about three ti mes
ti me, the energy per uni t vol ume released by
extremely | ower than that rel@masebdebygt @s oha
energy per unit volume released by combustion
rel eased bDydtgoarsionlgi noer. transporting hydrogen un
energy, and converting stored hydsrageaosti nfwi ef
of ab&@8Wt%)20 Consi dering this, it can be conclu
on hydrogen involves significant | osses (abou
reason, it is crucial ®B8oclmi masmbye ptranni agl for
use or within short distances, rlda&oeet*odmallli cho
transportation, for example, with its fixed d
refuel |l ing nsgt any depnosge neadk ishuttl es and buses |
pur pose. The same argument can be extended t
which are unlikely to use batteries in the sa

of hydr otgreexmd sy exxr onmmd rsa qn@vedcovmee t hese techni ¢
have so far | imitedl4lts wi despread adoption.



1.1.5 AMMONI A AS HYDROGEN SOURCE

Mo s t recentl vy, ail tosaagglsfipdbd emy d ad gteore m chigd setxec efsa r
produced by intermittent renewabl ed o0 larmmeos,i aa
Ammonia is an organic molecula@&andompoese dhydr oaqge
(N#H, which is already widely wused c¢ oAmmearciia,l |

being an energy carrier asn welelal/f oo a ulbd c@adodseen t

istdualat Wine one hand, i1 tuebdn bekesedtas ad fygas, t
process, on the other handodeanmndemdoras co medrhioan
storage, which, as previousl yrldarsgeu swseeldu mer.e gAut
can be conveniently Iliquefied at ambi ent t em

atmospheric pr essduorven wienhp ea 8¢ @ docfan t her ef

transported in | iquid for.m Moucehoymwiot,b Nada s ol y mi
energy densitythdfghlg. DuMpernforms | iqgi candyd
compressed gaat (95MRA PGl Y5AICJe needed, in

came exploited to trheloeuagshe shpyedccridgecn cat al yst.
ammonia as a mean of hydrogen storage is st

enor mous luy oimmynegdlest 0!

At thisspomenessany ito take a step back. It ha
and ammoni acansdida®taeds for storing energy fro
previously highlighted, molecular hydrogen, w

on Earth in neagnd garmrmeniaanidanmawehlehyy st be produc

1. RYDROGEN PRODUCTI ON

Green hyrdeefoegresn t o hydrogen produced through e
that do not egnasagdeeshbonsiedered a key compon
to a susathai dleklaessmmeniezgd Several methods are ¢
optimized to produce hydrogen from water, eac
beover cbm&?he most historically relEvaoatrobkyshes
chemical process that usspeosn teal neecoturdi it et ayd tsticom wvder ri
this phedamesobho the early 19th century and i
mo d eadme mi st e process was first observed in I

Ni chol son and Anthony Carlisl e, who exploited

6



split water i nto hydrogen and oxygen. This pr .
of using electricity tSooodr iaviet eor®Bi@rmi ldwamp hrreya cb

demeened this work, using electrolysis to sej
pioneering experiments | aid the groundwork fo
energy to isolate elements fr om {tFhaeriars eclyoi ndpi of ui ne
electrolysis as a fundament al pyofbesulbhayebot

el ectro, ytshat lgogwantitatively described the ex
of substance produced at an electrode and the
the electrolyte. These days, el ectrolysis is
met hfoadr producing green hydrogkactibhpereceéessl
the use of el ecs$plidtntteod thhyad r votagheenr & rads h @ xhyg g etnh e

anedhi ch are separatedvéeyabhntgpestobl gtectrol

devel oped in these recent year s; proton exch
example use a solid polymer electrolyte to co
of ehectrollyseaper adfefsi cateadaleygihs | argely appld.i
renewabl e energy sourA&lelsaliike el edt racsldy siog] air

alkaline electrolyte (typi acatvesbpios las dainudencihy d

is |l ess expensive that PEM teBSbhbotHogwxi tdat ehaea
(SOE) system, the | ast electrolysis technol og
70-0000AC) and uses a solid ceramic electroly

efficiencies and ca# e eireattrugatat eadumwe ¢ h Ihutghit
stages of dlehvee Itolprneeentel ectrol yser deébdelri bed ar



Alkaline Electrolysis PEM Electrolysis Solid Oxide Electrolysis

H,0 H,0
—
— H, 0, _
H* ,—> Sy 0*
0 v H,

Anode (Ni, Co, Fe) Cathode (Ni/C) Anode (Ir) Cathode (Pt) Anode (LSM) Cathode (Ni/YS2)
Diaphragm Polymeric membrane Ceramic oxide
Anode
(1L 4H,0 +4e — 40H +2H, 4H*+4e" — 2H, H,0 + 2e- = H, + O

Fi gOperational principleexochaabkamembyr aREM Gpdotso
el ectrolysis. The 00 Wex+alil,Oxggeni eenvoil it Hon occur s
hydrogen evol vels4lat the cathode.

The second method of green hydrogen product.i

gasi fication. Bi o ma stsh eg acsoinfviexragtiaomnc oifmavtod rvieas!| s
agricultural wast e, wood <chips, or dedicated
consikeéeatimg the biomass in the presence of a
a mixture of gases, including hydrogen, car bc

can be separated from this mowadtwyeaee tg Hrirdoaucgh oa

Bi omass gasificat-mewmt rcaaln adre -neevagath o evaeer biofn ¢ o mb |

carbon capture and storage (CCS). However, i
challenges in feedstock collectionel pcotiélsygbn
I n figure 2 is reported a general scheme repr



Green H>

Gasification agent
Biomass | Temperature ‘

% Effective experimental - Biomass properties
i condition | Gasifving agent amount

\ Catalyst/biomass ratio
\

Biomas valorization/Gasification >

Natural minerals ""-.__ CCY ‘

Catalysts ~ Alkali and alkaline earth metals

{ Ni-based catalysts

Fi 2. Schematic r e p rBe soematsast i wédlg@asfi § atciad m on process
hydrogen producti on. Repri ntEe ® 0wi2t HE |l pseervmies s iLarmd . f r

Phot oca(tRCytdi cPhot oel e(cRE®@atenl ppil ¢tting for
productsohowmr eommer ci anhel tyh cedxapd ebiostidl e c hnol ogi c

devel opment . Phot d et aul syesn ksif gihntv odivreesct |y t o o
reaction that splits water i nto hydrogen and
i mitating what happens in pl at shetshr&bhueg hr otohtes n
photocatalysis can be traced back to the 19t |
effects of | ighti oms.ch@me cafi tkke@a earl i est not
1839, when Swiss physicist Al exandre Edmond
ef fevhti'ch showed how | ight could induce el ectr

this was not directly related to catakldysive,n i

chemical pTrhoec es g e al di scovery of pho#f2d®d at al
century. In 1938, the German sci@arermostst Garear
titani umT@)icoxuilde a(ct as a catalyst in photoch
concept of photoiobht gl yake of d until decades |
was made in the early 1970s. Iln 1972, Akira

l andmar k paper demodrsfn athimg thé etHonidadhey di
di oxi de coul di nstpol ihty dwaotgeen and oxygen under u
known as photoel ectrochemigagalunwdtreraks migi tdti isrcg
the potenti al of photocatalysis for hydr oger
catalysed significant interest [1°he hphdtioedalt ac

wat er spprloictetsisngi nvol ves semiconductors mater.i .

9



absorb sunl i @omt idrsdt dieniwastdetiret i on arnala otxiibakma thig o
the photocatal yst thinly dispPheedcatnaltyhsel sa
pot entdiarlleyfdaroegveonl umiitchn | ow eardgyt snaguing it a
attractive option for fut urne tghroede nc uhryrdernotgl eyn sf
|l ow efficiency and the need for more durabl e
ngoing to develop materials that <can enhance
cal ety BEIC water splitting involves a Mm®Cre co
emandi phot caltadtgrtd c t @bemeconduct amreémpberteaed
nto el antdmoneée s ed mendiwaa,t eonce the circuit cel

T O o »w o

h octaot h@diirec ent c or r easnpoounndtsy dtfoo gteme dp rno dfuicgur e G
reported the general scheme and (tahe oaaa it faimg®rna |
photoelectrochdgmigcelhotelcht alhyt iscuspyrentseaTohne s et
technology i1s stildl I n the experimental St ac
materials, the needffoectetVVti semntoaddctosst, a

scale prldducti on

(a) (b)

@® @ ]
' Val
@ &

~3

~
Q.

Fig(a3 Proposed mechanism of solar hydrogen produ
ar e photoacti ve) photoel ectrochemical devices (
photocatalytic devices (PC).

Ther mochemical or thermal water splitting i1 s t

stbéin@g iymung experimesntal pmphmisei.ng ttechnol o:¢

hydrogen production bHO)brienakoi ng st gcemepieateanit ds(
10



oxygémhqusé¢i ngt amgédr ature heat. This process i s

solar energy, nuclear energy, or other heat s
clean energyasyseposted in the sIEAldmatciomcielpl u
ther mal water splitting | everages heat to ove
wat er modnedduilftdser s from traditional @ loe aturno It yhs
reaction of spllintshteeragle o imowa e eni c al cycles are
undergoes multiple chemical react.ions invol vi

Water Adsorption

Packed Bed Column
Reactor
Vertical Split
Furnace —.
= _[:E-—.._ To Flare
Oo/N2
Mass Flowmeter Flow
H_.. L ]
H, Sensor
-b—[h!i]—!— To Flare
Hy /N,
\ Flow |.
(3¢ / Insulated . ;
A ) . Pipeline — : -
Vaporizing/ Cooling Water
Pump e Batl Data
Preheating Furnace ath s
Acquisition
System

Fi gThdr mochemiscpali twaitnegu p efage mB r BEt®epnr.i nted with pe
from r€obpyeiayht E 2011 Hydrogen Energy Publicatio

Concentrated solar power ( CScPogn soird enruecd eaas prcetae
sources for thermochemical cycl es. The main
temperatures (often above 800AC), the devel or
can withstand these condfi ttihoen sg h emidc a |lhWit iydcodmepsl
t hermochemical water splitting has high theor
stage, and significant chall enges mu st be o0

c omme rscciadf B 4]

11



2. PHOTOCATALYTI CAND DARNOMGEEN AL UT | ON

The focus of t hlfaspreaslean n ewa veddrt dhse exploitat
Photocatalytic and Photoelectrocatalytic wate
production and Photocatalytic nitrogen fixat
hydrogen @RAseaudmreardy pmenocanaldyti c water split
an artificial photosynthesis process in which
seriagsacfti ons that ulti mately produyceubhydned
f ugml25]

artificial photosynthesis

natural photosynthesis

2 O,
H,
- C02
4 s
(4 i y

4" \ CH,, etc.

b ~ / L -
2 H Storage

H,O + CO, + solar energy —> sugar + O, H,O + CO, + solar energy — hydrocarbons
Fig. onversion of solar energy: natur al |l eaf and

photocatBepsisted with perfnisG2®nElfgeow arefB.[\2.4] .

The ability to harness soilaffemerglyetphooeamgthi @
renewabl e hydrogen on a | arge scale, with wat
energy input. Despite the significant potent
numer ous chall enges stelkdatt omu anprioeveaddrs overall
Key obstacles include the devel opment of high
the full specpgarutm tleaswing i, lglmd nriange ng charge

rateampgti mi zi ng reaction coBadateorhydtogdmcpt

Researchers are exploring a variety of mat er

nitrides, asatwellyystads and nanostructures, t o
perfor &mrfle.t he same time, as we already men
photocatalytic water splitting process for F
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fixation for ammanmineatntme mtdiuacrn i @osn [dre@atei caln valnti e
way to hydrogen storage. Photocataltytoige nniatndo
as reagent s, with sunlight as the energy sou
considered both an envirosaenhgl|l fmvetpsh®enhokpnt a
mechani sm stcast shemées oNbed omsutriacgheodtoicvad taed ¢
Then the semiconductor is oaxcirteesdul by ngoli ar tilh
photogenerated electrons and holes that move,
and the valence band (VB). Finally, after mi
photogener ated e2dteciNrHwms | reed bhee0M1 8 sSeueritdii ge

for the simplifield@’lmechani sm diagram

active sites

Fi gA 6si mple diagram of pholt?2élcatalytic nitrogen fi >

13



The semiconductor6s band gap should be narrow
solar spectrum, whil eedamrgy leemwalg hmd treehdaeagaitCBy
potential and VB energy | evel more positive t
nitrogen reducti on reacti on ( NRR) and t he |
photocatal yst should also be, I deaa | ¥y n thh egshil
because, in protic solvents, the hydrogen evo
the NRR: this happens becausd?THERt hieggui hesi ¢
explore the aphWanoemé¢mad yti e materials and pro
and ammpaomidact agmuefoucsnmHee diea ft ocus will be on wul
underlying mechani sms governing photocatal yti
addr eddiengnain interest i nt or élhaet efde rtdahtotetna a o f
novel materials and compgdbsrBgsadlVagbthyg ewxpl a
of photocatal ytaind watoemcaphbfii ydfi icghiist rroge@amar ch

contribute to the development of clean, renew

21PHOTOCATALYS HYDROKBEND AMMOGEAMOLUTI ON

The choice of semiconductor materi al i's cruci

of hydarnodg eenmmo/roil arteiaac,n iaosn it di r e catblsyo ripntfiloune nocfe

charge separation, and surface catalytic reac
progress has been mad e i n t he devel opment
semi conduct or gnastéelreiraalls ,c haanid enges remai n. Th
current state of the art i n semd cammavroi aunt | ma
focusing on their properties, [P mtittldanionm, diam
( Op) i's one of the most iekdleywsusetdypbBoudcaedall

spliftarn ngr een hyddogenhoevbsuthemicalt osxtiachiitlyi,t y
abunddhThrranks to the fame gained2is bhRenwater
extensively studied -badsseo facsr sccompcosidtuecst2o0p ho't
fixdfi26mOperates as an effective photocatalys
it absorbs phot ons -haonlde gpeanierrsa.t etbo vee veecrt,r oi t s Wi

l i miastivisty to only a small portion of the sc
of sunlight), which severely restricts its ef

conditions. To overcome this | iemxiptlaotrieodn ,t ov aerxit:
l i ght absozipnttioont hoef vIiisO bl e region. These str:

14



(e. g., Pt, medu)al andengn, nitrogen, car bo-n, S L
bandgap semiconductor2b,aseadd hdtoemo jngncTii ©ns.
modi fications, achieving high hydrogen evol ut

chall enge, 2nsakiitnagb!| €i Opr i-thair vatpyp | f o #F iR s ent

advancemavadl s o explored semiconductor all-oys a
ZnO anddsdnSto optimize thegbhanadabaprporowni ainil
carrier recombinati on tdrowgthuresgi nElee £a 3
material s, c ombi nocat awiytsht ,s unrafvaec ed ecrmonstr at ed

phot deyadtiac haynwgpmroglaurct i on, paving the wayfifelrd.f u
18 Among t hese amari eurm aslusl,pha@a siro WrCd@BPpthert toicaalt al y

perf or mantcoe si tdsuenarr ow bandgap (~2.4 eV), whi
more effect@OwvelUndeéhawi Fible | ight irradiatio
el echolboe pairs and participate in water split

hindered by its s-uecepsibnliany toxpbbdt g, whi
conceannds | imits its prHEotiadalreappltiheatsitarbs.l it
researchers have focused on the develbofmé&nitwi ¢
more stabl e semi-ccatnadluycsttosr ssuwch caos nobl e met al
oxi des Q. dgdnO)Ti These hybrid systems can enh
i mprakvke the photocat aloythiicg heh arhayatreorgiesnt iecvso!l u
these i mprovements, the toxicity of cadoaluen r
applicaphioomciaisa®yYsiosmbth vana)dahaes (BdaiViDed att

a vi-sig9gksponsive photocatalyst due to its rel.
enables it to absorb a substantsslkaedwg ogda d ns tod |
in water splitting, especially for the oxygen
hydrogen evolution is |Iimited by poor charge

l engtRecent efforts to enhance the haidcrecdgare
doping with metals (e.g., W, Mo) to i mprove ¢
heterojunctions wi t h ot her 2 s eWd c @@sNagc tTohress, e
modi fications have | ed atcot ievni htayn caendd pbheotttoecra tsatl:
|l ight, although the hydrogen evolutildAmehfyi ci
the organic ghagthdca tcalcyasr€CbNa)n tirnsieomied ep ¢ Ipgmer i ¢
semiconductor tbhhe mMaseaestadwuedto i1ts visibl
stability,buandda neth3Wiah bhra. bandgap of a-{£gscoaxni mat
absorb visible lighbholamdpa@giemerbhoe kBydcogen pr

15



structure also provides a high surface area f
for phot oc astpalliyfttiidid guend ve@Msj sgcharacterized by
ahi gfensiniyt rodgen vvacaéahatesayeVwell known to be
sitesfiaatNepr 6du,¢ digemvheh oxygen and .s ullupnhi unrg
the density of thhesgweraxlansyeshet i €sNapgpseod ch
mat ertioaltshe top of the best perfepmadiued i“plnot
However, the photoc-&Nalsytliicmietfefd chiye nrcaypiodf rge c c
carriers and poor charge tr amsafl d renlgierset ises.er T
have been employed, including surface modi f i
semiconduct ® s Za®)g. ,an@i dopi ngmeni addhs*iiditéasles o
approaches have |l ed to ¥&bpthityidfrioagmednt a mm@mibau ¢ me m
efficiency, al though further work is needed

I nteresting pemnoviskmaowevatmmiaveri al s, ¥Xsithalbbeadgn
| ar genley ged as highly promising canidn dmhe®tso V¥ @lIr
syst.amsl r eaxledohlyydr ogen production tfFneiught waal
bandgap, excellent Iight absorption propertie
mak e them highlgygevweraslatph eatpgdodrtcaltejrtmncs ki t es

effectively split wat er into hydgracgdgerci @ade ox
reductionandacecens|y showed also interesting
ni tr ogenmafkiixnagt itohne, nMmaptreorfmoaslisnmer gy conversion a
remedi @&*MiTohne.i r versatility, along with their

exciting focus for research i n t PAanofnige It ch eo fv asru
perovskites -bsatsueddi ehda,l ildeca dp eHsNHsPsHk) i theasv e( ed.egmo,n sG
i mpressive hydrogen producti oh® Deasppaibtiel i t hebr
efficiency, the practical application of per
instability in aquedwxienuviyr d remebeacs ead n pgye twh & shk
need to be addressed fReas eparracchteircsal araep pd dtciava |
perovskite compositions and surface passivati
environment al concerns. Alrteer npaetri ovvessk b aseah( ec
perovskites), ar e altshbo ulbgehi ntgh eiyn vteysptiicgaa tleyd e x h
than thleased eadul®*t?%Mep @ard g adriacmewor ks a¢ MORs)t he
class ofrmaeetl gl exploited tbathgdmbger prgdn
with metal ions to form porousl88OFschavesswob
promi se as photocatalysts due to their tunabl
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catalysis, and ability to incorporate various
visible Il i ght activity for hydrogen product
nanoparticles or s e "Mhd d red uMQFosr amaet egtiiallls. i n

devel opment as photocatal ysts for hydr ogen

versatility offer significant potenti al for f
i mprove the char ge torfanvOFosr ta npdr odpeevr et | ieodpf | ntoi reen |
MOFbased photoyxsattd@th@Qrigcani ¢ semi conductnmorst (O
recerntass of pshtoht aote s ¢ alppdroached f or hydrodgpemt
produa@atpipdomcati ons. The OSs materials <c¢cl ass a
organi c ssodyast eemesspeci fic class of solar cell,
semi conductor s, both mol ecul es amd apaleyrmeart,i va
cl assic i morngdaeereide c@ameé year s, OSs have recei Ve
the fieldtofocmhfatirosetli acnd phot ocatalysjsthanks:
t o t he favourabl e i nteraction of OSs wi t h I
semi consd@s omat eri als showed r e magzpkraobd uec arieesnu |
when exploited i n het eramjdus c twii are | yn a mMepreorntsit a
photocaapplyitcalt sfarnr photoel ecttrhned e smo sitn asRP@EICt ab
perforamadcihivieesc ttuhree expl oi tation of electron dc
bul k (BHJ) or | ayer.ellde hma iemn o @bieitforteieenm B(HLIHJErsd L
in the physic contact between the two semicon
transfem the electron donor/ acceptor and i nci
when the two photoactive material s are mixe

configuration is more efficient mosprofiutheon
[53i 56]

22STRATEGT@&E@ MPROVE PHOTOCATALYTI C PERFORMANCE

The heterojunction system realization between
as powerful and i mportant approach to enhance
expl aipmheod,ocat al ysi s i S of t en i mi ted by t h

semi conldBgt oombining two or,whdrhe ssemgigeardu etne

is possible to form heterojunction p,harseducoceh

recombination -hat espapamwd etche olni ghtanabdaamptnigor

redox prwlptirmatesly boosting the efflibi8Temecy o
17



devel opment of heterojunction isylserenst ilsi npirtie
single semi conductor photocatal ysts. Hi stori
dominated by materi al s2)| iduee ttiot antisuns tdaibaxiidey

toxicity. z2hswemeera,l rTfeiaQly know has a wide bandc

only absorb UV |l ight ,-5%hafc ht hceo nsparli asre ss paebcoturtu m.
its efficiency iphatotaf@édgs iasdrdliitgotn ftor t he
absorption, siog$ et sedni tondué€Efter from rapid
where the photoglkole apaidr €|l @ect e@mnr ecombi ne be-
reactions, reducing the overall photocatalyt
another ti mpmsttaml e since some reactions, suc
produ,ctpllomt of i xCatrieodnu cari on, require specific r
semi conductors cannot achieve dué?%%l nt htehier [fiic
of this, by combining semiconductors with dif
broader spectrum of sunlight, including vVvisib
in heterojunctions facilinattedtdlodterpaan atsi, o m €
recombination and i ndbdagiemdg tmadierr ilatbfse tiammeab ¢

chosen to achieve desired redox potential s,
phot oc arteaalcytti8ddsder the theoretical framewor k,

when two semiconductors with different el ectr

key comegegrthdetnegr oj uncti on systems i s the tanhe gi
conductitchreabrdce bands. This alignment dictaf
carreeestrons,wind hboelheaswmea eatf aclee whi ch i s crt
photocatalytic efficiency. The alignment of €
characterized by their conduction band mini ma

B769Depending on the relative positions of the
i ntomai n tTypdstilr add | jwhge bGatph) t he conduction an
of one semicoemdiucs®he hgreer gy gape nmifc andeuTchtiobre |

promotes the teansbdtes anhdbboheglinto the same
an ef fcihairgret carri eThe ombéiibhprerene nénergy | evels
charge transfer, |l eading to I mproved photocat
when the goal is to confine charge carriers i

react lowsveespi te better char geneenpaayn alt ¢ @c , t
recombination i-asgieselenn@ghpee Wk | ( St a gcgoernr deudc tGamn

band of one semiconductor i s | ower t han t he |
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cilitates spati al separedteicammr ook al ec ttrroamss f
mi conductor, andhlkeokesatialtkepatrae¢ei on of <ch
duces recombination rates, |l eading to |l onge.]
rformance. This type is particularly effect
|l e semparsatch as WwWarermyspbigemiNegxalt ubinorf or a
oduotri eOnGeducttd w8Hhi s comfiigsurlatglly effecti
combination and extending the |ifetime of ¢
otocawal ysei sharge separation is improved,

dox potential of the system, potentially 1|i:1
Tyhee |11 (Bhekeonon@Gap)ion band of one semic
|l ence band of the other, creating a | arge p
arge eceparaatifurther enhance the efficienc)
combi hhéei barge potenti al di fference can fur
event recombinati on, making it ideal fer re
treme separation may reduce the ability to
ch systems compl ex -datecheoedthahmpeddgév o] wetti
S gained great i nsyestshandkusr itnag tthheesisre fluamnsda m
eration of di odes and transistor s, buil din
st emiesr med by t he jtuynptetoddemi ofaatneddt pnpel ec-t r on
mi nated sewheosammbleedtrer oj uncti ons create an
e interface, which aid$fole Pher bmphktl &tcitan cc
turally drives the separation of <charge <car
e overall phot ocTehteal pbt entefafli cmesmgt ch b
mi conductors can sometimes | imit charge mot
t i mal froera cstpfé&hilsfei d ast h estteurdsi gehde mé iZiSsw htehmee

nfigurlansigoier éed by nat uraanld nwhod tvesy rncthhaer sgies t r a

wo semiconductornsoviehemet dlee c ©ndosatn doenc obrmabni dn eo

h

n

emsevMivens hol es i n tthiee vatl rerc es.dmlindeo mrdeurnsa iomri n
ergy electrons and holes contribute to redo

This design retains high redox potentials wh

superior photocatal ytiagaicatier tsypphott opofrgredetsiscer

CO2r educfiheoncomptbani sm of charge transfer can

Zscheme systems typically require careful ma
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recombination and [Maiemidzies caifsfsieai ehnectye.r oj unct

outlinedelin fig

)4, b c
E Reduction

-

3

3

=

[a ¥

Oxidation Qxidation /)
y T e_I
COM yp\\‘

€ ape
Reduction G
H,

s 2H*
Reduction

- ':;‘\ Oxidation

p-n Heterojunction  Z-Scheme Heterojunction

Fi gZ.Di agr ams -lof( al)ylpleTy de&l ;I | Typce)h,et@r oj unxah eme ((de),
heterojunction. 1, 2, P, and n r efsermitcoo ndaimit@an d

semiconductorl>Repsipetced vwil tyh per mi ssion from [ 58]

I n this perspective, the primary advantage

el echoloe separation, which issicgByispatialbl gff
20



charge carriers across different material s, t
|l onger carrier |l i feti mes and more efficient
semi awwcamd s with different bandgaps can extend
for the wutilization of a broader portion of t
in harvesting visible | ight, whMocrhe onvaekre, s buyp caa
selecting material s, hbeet edreosjiugnncetdi otno spyrsa veintse c
potentials, which are essentiraéd adtditd hlerwevvienrg,
designing heterojunctions requires precise m
el ectron affinities of the semiconductors inv
to poor charge transfer efficienhy car dimms al k&
performancehe heterojunction interface, def ec
carrier traps, whi ch may increase recombinat

i mpacting photocatalytic activitmiycedSoimab rh ectas
techniques to crfeaee Iichteeamf acdeesf eatnd t his <can

compl exity of manufacturing,-stametiapgl| tbatror

advancements i n materi al sci eenlcye palnady naanlk ¢ ¥
overcoming these hurdl es, all owing heterojunc
applications suchbrasnwamenons pploptlbubdtnagniti odne,gr a d &

CQredud®®Pmtn.t he same $imeyostdrhetegiejunction
mul tiple semiconductors have been explored to
mat erl?P®BIPrscor porating metal cocatalysts |ike p
(Ni) onto the semiconductor surface I mproves
charge sepdroameiramgandce activation en®irTyhi sf or
met hod i s the | argest wi despread and effecti
exploitadsnowdaperform in prelsffdmeseofmePtal asoca
are particularly useful in reactions | ike wat
or oxygen evolution because the met al presen
redox reactions, boosltfAmgotolver aibmpieargaht/ oaxph
met hod i s the defeocxtysg ecnr,e antiito no ggeanc, & nacni de ss uol rp hst
defectThese wamarnaines t he el ectronic structure
mi-gap statestd hwitsiflalca Iliitgaght absorption and ir
for catal y,t iextrreeancetliyonismpor teaonrt 2d0Onx ateiacn | whhe
vacancy ©plays the active 2raonlde G I e ctuhlee sa dasmod
consequent redodtsChbme s wed 8fHi evysed ydef ect s act as
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reducing recombination and prol ingepowmetamhev leisf
nd decfasanthsance charge separation and prolong
atabhygt iB@BAfyurt her aepxporloocacthendirsadiunad opfant s i nto
emi conductor '"tsheatrtyesrtsalt Hemtdlieee®t roni ¢ struct u:
andgap and shifting the absorption spectrum
s 3Fe Lo ot AMpdnentoanl s | i ke N, O8Metal,iomandbpino

O T un O o

ntroduces shall ow i mpurhdlyetemiil sat ir @ameu can mig |

doping can enhance vTihse bnheet ali gihotn adbospoirnpgt isotnr.a t
separation and increases surface a-mmeitwaltyopbonm
alters the electronic structure and olP#Aisal p
embedding noble metals I|Iike gold (Au), silver
enhance photocatalytic efficiency throd&§h | oc
These plasmonic metals can absorb visible |ig
to the semiconductor, enhancing photocatal yt

Pl asmoni c nanoparticles act as sensi tliizegehts

absorption and fheod tec i megc obfAbE lneart @ 8 i gn and CC

semi conductor morphol ogy at the nanoscale, su
and nanosheets, can significantly abmparcgh daun f
for t hese reasons i s anot her l argely used ‘

perfor h8Hicgls surface area nanostructures prov
while tailored geometries can enH&@Na@ododhit
nanotubes, or nanosheets are respectively 1D
charge transfer and increase active surface
structures improve | ight har vensd isiga tbtye reinnhga nwe
mat eiFmarlom the photowvbdl &hyitkeg smkatsdrtiba&lad mang i s
interestimd soppdrooga@hot ofc@tiamiyipehwet oycsatt earhsy.t i ¢ €
ti nvolves <coating semiconductor surfaces wit
ruthenium compl exes, that abseerxlciwviedi belle cltirgh
semi condu®tTlirs method effectively extends th
increases the photocatalytiTheedyeormmlneculuad ec
Il i ght adsorption spectrum, enhancing aclt’flvi ty
Dy e sensihtaisz abteieonn | ar gel vy staoaeldewt irne mah @tso vno
unexplored for photocatal ytizcegudg@Akmamt Haerkel avrag
exploited apmpaooragdmigtsapgthend or -loa hed matreroinal s
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carbon nanotubes or full er etneenshha n cng op eprhfod ronsaart c

t heir excell ent electrical conductivity, | ar
conductor s. These materials i mprove charge ¢
rates. Graaspehde neomposites| éaci dont atanspoid @&n
' i feti me of photlddéser atpepd yc agr iaemr se.xt er nal e
ferroelectric materials can emhancehhgesepar

0

inducing pP8Thirs zaftfi eat rlealue erse ced relcitmatni on  anc

effic

separation and prolongs t he |Ipihfoettoicmaet aolfy&&ihca regfi
a

il ency of photocatalytic reactions. The a

Finally, altering the pH of the reaction en
photocatalysts with specific chemical groups
and optimizetgatabhyltoci agtswiface properties
t he photocatal yst and reactants, l eading t
functionalizati on i ncreases catalytic acti vi
mol ecliBllers. concl usi on, it i s possible to af/f

performances requires a multifaceted approac
structur e, i mproving | ight absorption, and o
dopingostmamgur pl asmoni c enhancement, cocat
engineering are complementary strategies that

i mprovements in photocatalytic activity beyon

3. PEROVSKBAEEMATERI KO PHOTOCATALYTI C PURPOSE

Perovskite materials are named af tbeyr Quhset aRwu sRsoi
who first discovered the nCatTurCnl 1#iThd rsalmi meaelra
opentehdeeseé&docha broader class of materials wit
to as the "perovskite structure. " fWwhe rgee e r sl
| arger cation tgprthldaralmrmékal i n8 i s a s ma
transition metal, X is an anion, usually oxy

perovdIdROxiedbe perovskites first and halide ther

their wide variety of properties, including f
optoel ectronTihceiprr owpreirgquescr yst al structure al
el ement s, r esudlta ontgr oinni ct,u noapbtliec al | and cataly

make perovskites highly promising candi dates
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photocatal ytil@Twet éirspl stgnng§icant applicat.i
in the 1950s in the field of cerapi,caa dr/ygec af

perovskite, was used as a dielectric mat er i
propeldtTiheiss. application | ever agetduntetadbi led iecht r p
constant of perovskites, maki ngTlheheuns e doefa Ip efroor
in optoelectronics tookemndf lied 21DY 9Ts uvtheemu rM

met hyl ammoni um | &N&Bbs)i oasildepaf €dsti ng mat-er i al
sensitized sol¥aTrhicelnark®3Sa)he first wuse of
photovoltaics, achieving a modest power <conve
initial perfor mance, this study triggered wid
for higmcyfdndieasel3fubfsemuiemdt ideerv.el opment s
the efficiency of perovskite sol ar cell s, Wi
maki ng per ov sfkoictuess -gaa nnmaejaadri on sol ar energy tec
al so saw explorationemnoift tpgeirgo vdsikoidteess (iLnEDIsi)g h tr
| aser s, due to their exceMeantwhiodpd foied £tct sano
application of oxi de perovski tdeast efdo®&t0,ep wdtemc a

JapansecieeAt i cme,t #helmonstrated the use Oif at6r ant

photocatalyst. This pion®=scoudgdtwad mleemneve-all ¢ d v
splitting reaction under wultraviolet (UV) Ilig
uv |I,wghth makes up only a small portimommemddth
new avenues in the -llewved opmetndc otfaloxkstdse [(for h)
Since the initial di scovery, significant prog
stability, and | ight absorption capabilities

spl iltBKeyggmi |l escbonde the bandgap engineering s
such asg, SgsuafifOered from wide bandgaps, typical
only utilli®taea UWel 1§80s and early 2000s, resea
to tune the bandgap of perovskites to absorhb
sunlight). Doping strategies, such as substit

Srr*wi t Broora**Wwiit ) Fewere employed to narrow the

absorption t owar ds t he visi bl e spectrum. R ¢
l anthanum (Q&x)uil dt ma$mrDiw its bandgap andei mpr
l' ight. This approach marked a crucial develop
soldarri ven water splitting. To ,ocavemapome cCHsau

photocataasl yweé s al r eady rde ssecaurscsheedr s devel oped
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photocatalysts by combining oxide perovskites
catalysts suchOaldTReseNh®t eobsRuuctures impro
and transfer, | eading to enhlam creedc grhto tyecaartsa,l yc
progress has been made in developing oxide pe
Transi t iboans ende tpaelr ovs kit ess, Laske ®dnd sBBBREWVWO emer g
as promising candidates duye22 .05 téa\) r esmabl iem
absorb a broader GE&Tehetsreu madfers warlsi qalrte. now bei
for their potential tthoydr mgpeaveoaoaveral bnsefar
modi fication techniques have also been empl oy
of oxide perevskiwttpeasaabyBPeposuch as Pt, Ru, o]
perovskites can dramatically increase hydroge
the hydrogen evo(HERpPN Mewmeover, surface pass
coating oxide perovskites with protective | ay
environment s, addressing t he degradati on [
photocaltBdbgdays. oxide perovskites are recogni z
materi al classes for photocatalytic water S [
rel ati velaynydhiowwe cositde perovskemaisn swichhelay St aT
i's growiensgt iinmt eenviromment xlall y rffanng emmad ey ki iatl ess
photocatalytic water sgpl iLtaiFie®gpd sBaEtel®Oeahyg kb
as sustainable alternatives wi tlf Admapnoesd i
nanotechnology have enabled the devel opment ¢
enhanced surface areas and actsi véorsi t ast amMa
demonstrated i mproved |l ight absorption and ch

evl ution rates. cTlhyestwade pefrosskgtes has shown

defects and grain boundaries, which are major
crystal perovskites offer i mproveldi €bkhar ges¢ami
them more efficieampgplfioc@Pihoesoe aital ygltse i ncrea

bi functionadlaspalr omad lkeirtieal s t hat can perform b
(HER) and oxygen evolution reaction (OER) eff
of a single photbcwabneysspfottomgrarather tha
for ea<hkadiiBAs. research into oxide perovski:Ht
splitting progresses, sever al k,eyatcthlrda U egmgesi
perovskigeemeralt éy more stable thantehmi st alail lii

agueous environments, especially wunder <contin
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protective coatings and optimizingomaodsiroml i
pri ofroi ttyr ansi ti on-s € arbas e aarbcohwattad diyeaaplp | i cati ons
the synthesis of perovskite photocat alsywsatlse ar
water splitting sy®heme wilbhi foiecacnrtucpradgr ess

i mprovingt#&hihdregeénrconversion efficiency of ¢

l evel s are stildl far from eemmer biaaldgapa-leinigi n
catalyst integration, and heterostrud®Sirrecaeles
their first application in photocatalytic wat
significantly, demonstrating great promi se a
Continued innovation in materi aslurcfoanpeo smatdiofni,
holds the potenti al to further i mprove their
efforts, otxeslec@pelrovpslkay a pivot al role +n th
driven hydrogen production technologies in th

3.1 METAL HALI DE PEROVSKITE ( MHPs) FOR PHOT
EVOLUTI ON

Met al halide perhbhas&i treesvoll MHIPeni zed emer gin
technol ogi es, guickly becoming one ogfartnheeg st r
i mmense attention due to theP?Adudnitd uen aolpltyo e It eh
of their el ectr,onasc abnatpidaicptast uektthB/soauiprabi €1 ons
photocatalytic reactions, nstclhwhgascanyhl@amgdnoxi
reduction, and the degradation of b4%¥Hocawe vcerdy e
t hesphotocatalytic processes often require wa
a challehge tbassappl mabherons wel | known that
unstable when exposed to tnoe sé¢ upbotooc antaatleyrt,i
i ncompatible withmabetl*Rbse.svpi tMHPt hese | i mit a
strategies have been developed to overcome t hi
particul arlresalitesetsf st appga)oaicthhv olFvegsurencaps
active perovskite layer with barriers that p
fl bAMHi el dés metals and carbon derivatives hav
enabling MHPs to be included in complete pho
ti me. Thus basedbd@alPPd) epdrovskites have been
although no intrinsic obsftrae¢ eMHPsS evBensuthes)
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second strategy, first used i n 2016, i nvol v

perovskite precursors and perovskiteb)fdwder s

support t he continuous formati on of suitab
concentrations of hydrohalic acids (such as
di ssociation of these acids increases thalnoge
equilibrium toward MHP formation. Addis$iboall

hydrogen formati orernea kalmedcer ainassn avcTheast hiold &

approach involvest dihlee uNKERBf{*iag &enr e

(a) (d)
H-O-

2¢-+2H*—H, (2

H

hv ( ' ;
kerovskne‘ww ) e

e e
CB
Photocathode Photoanode ?
|
I
I
|
() hv |
I
I
1 hv
Sof ' ‘
O 00 : Perovskite — e +h* (1)
L |
|
\ HI or HBr solution ) 1 VB
h* h* h*
(c) 4 Oxidation
Y products
H,0 or Sacrificial agent
:Q. H,O+h*— 1% 0, + H* (3)
9 : Y ° RCH,OH + 2h* — RCHO + 2H* )
\ H,0 + sacrificial agent ) 3I-+2h* — I )

Fi & Soldrri ven plasedpkibtdeucti on systems: (a) phot oel
(b) particulate photocatalyst systemtiabl ey phomit ® cear
system. (d) Schematic representation of t huendieroce:
irradiation and possible reactions i-08fflved in th
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The recent devel opment of these materials ha
directly in -dwatveern fheydo ooffehéimwever, the use o

agueswd utions raises concerns about the pres

materi al s. Lead atoms in the perovskite stru:
el ectronic configuration, pl ay a critindel r
properties, especially those relatemd, tbobhehasg
in material production poses serious environm
that accumul ates in vital organs of humans a
water, and food. Lead expopair ®oncianng ceafufseect 6 |
he mat ol ogi cal damage, anemi a, kidney dysfunct
can result in severe damage to [39Tei ki cdmerycse,r n

already a major -secladteacraemngtf @€t gpredgasvesdk ipheot ov o
devices, and it is even more pressing for phc
bet ween the active materi al and the reaction
|l eakage into tith®8i wervi t o @ ssehrotuil sdk ab,ei ad t o pri o
devel opment andaf reteddyPodgf MHéEsd f or hydrogen ev
solutBaosnnesd ohedth dba,smet al el o dskrietnees omo $ he

promi sing cahditdbatae aal fyali*®¥Mfptpdri ctalt @ oinni ti al s
hali de perovskites in photovoltaics, reached

2008y esearcheirshdesgame sst arting f rtoom etxhpolsoer eb at

pot emtl igaolr phot ocatiaolnyst,i cpaarptpilciuclaatr | ' y i n hydr c
(HER) . The key to this tramosemenpwapet hiees et
perovskites effetikheeadn!| sghtar abeodot gti on, e X

dynami csunaallleetronic properties could also I
The first notable application of met al halid
evolution ®&ahmeni PakR1 and coauthors wused met!t
( MARblas t he pldboaatdaleyssti ndheceavdtiemstabil ity
the reaction was conducted in an aqueous solu
adjustiagdceclentrati ons,sumadvedewveend MAMBIlI nuous
andrepcipitation under dynamic equilibrium, al |
hydrogen evol uti'fomr njaatlioonmgyvavsi MshPblbl e only with
concentration rand®%s (GeOdhiy2lrohbemolevbl ution
solar simul atmaol’lgWwasand .t3Hi s was further enha
after ther mal aninre ad i dhigmetf h yYMAfPdrima mi de ( DMF)
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(DMSO) atmosphere, which i mproved materi al cr
rate reachemdoldlypaft &7 depositing platinum on
solar HI splittindTeads, cPadeyabnstaDat8ddo. t hat

perovskite could be used as phot agatealuys ts ofl art

under sunlight. However, t hese early attemp
instability, particularly in aqueous enviassnm
we already | arFreolny 2d0ils6¢c uosnsweadr d , substanti al r
t o vercoming these |limitations and i mproving

0
in photocatalytic Mytwewmigeln ®tvabiultitom i s one of
c

since met al hali de perovskites are prone to d
environmsahteady ynadwehrilcihnealre common i n phot o¢
| mportaméas wiodeofnne on passivating the perovskite
such as-baasedbdomaterial s, or i nt-eeagtralty sntgs pleir koer s
to enhance their stabil il®%To nf uwattheerr sipnipidtotvien ¢
hotocatalytic performance, researchers have

opper) and halli%de afdoenpopért o wanlksi.-basedspehowask

~ O T

e. g. ,3 MASendeame yiansgmor e sptoatbelret i al alldermasede
al | t hesrperlaaktleedmtt o inlsé ¢ | hethadlsieldi tphlatt fe ¢ & & ol

free MHPax hbifdietn | ower efficienbasgssesdcompdredpa
Only a few perovskite systems have been report
in waner quite promising and unexpecgt emda meil ggh
DMASmBADMASa'Mand BSEABYrIwhich are fawtoudmdll y ut ur
devel opmeweser, t hersed udr es sbhmat show that Sn
chemical, wi t h similar concerns regat dihng h e
concentrati,ons oe xbphosseutiriea|l t er nat i ve baetctarmaec tp rvoem
in terms of stability and durability offl%he
Hybrid systems, where perovskites are combi ne

carbon nCsNg | dear agsition medoalgawixc dés amewo rmkest

represemptti mal strategy to boost the appfil€at
These hybrid photocatalysts i mprove charge s
hydrogen evd®8®fTheninaegsation of metal halide
semiconductor photocatal ysts has shown prom
photocatal ystiinceaesacdlivedgy wneé s odmsiehsed vant ages

perovskites iIis the ability to tune their ban
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adjusting the ratio of i1 odine, bromine, and c
|l ight absorption to better match the solar s
evolution umdere oshemtloicgehttal yti ¢ hydrogen evol u
neutral, or al kaldadnaeh choanldiide omesr ovskites have
acidic andneagi#éddmseir broad absorption spect:H
alignment for water splittings makaet hermar ied @
conditions, though their instability in acidi
aims to develboaps epgle rpohvostkoictaet al ysts t hat are m
envi r onThoednatys,. met al hali de perovskites are r e
mat erials for photocatal ytic hydrogen evol uti
terms of stabiliemai@dfi®nscahabukidoin,ess$ these
researchers ar es é¢wesutarlianega geent ditehvect mept | @ed d e e

I ternatives t hat mai nt ain high photocatalyt

onceirmsreceiving i mpordngntmeatitegt pemovaksbe

a
c
protective | ayers to withstand har$lker meaatico
splitting Eaxppplloirciantgi camdsv.anced reaction systems
perovskites with other materials tAs impsoearc
continues, iIitleddemepactt dav 4 iatt o rvoi | | pl ay a
t he devel opmgehnheroaft i oaxtphotocatag¢yediy drfomgens!
production, contributing to the broad<drigeal

processes.

4. AI'M OF THE THESI S

The aim of thissPhdpP, thesappl 8ctaheoont arnaf ulhley
engineered heterojunction systems for phot oc
evol uteiacnt i ons. Durfogrttdi stresteahehewabseternuct u

studi ed, hpwotviheg del i berate desughabhd 9oemi mocre

materi al interfaces, el ectron transfer me c har
photocatalytic performance. Experi ment al find
and morphology control notcaanmslipyarrpartoinoont ea nedf ftirca

al so signifitdheadcdmbimnathigan as deprpd wi amd stcgussesretds

a critical nboosttt | efnetctke frmai n sthbhdretllopepdonhbocaté

f ocwas t he tshedmo sotf swittad lylse csean d otnll@thosi e n
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heterojunctiongcaphiguc acgaOeNa,06 mMemiptr i ihaie  nald y a

no-aritical -bassedaplkoiatatal yst studied in thi
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ABSTRACT

Carbon nitride compounds (Cbd&sbon nnGiei ded (Mg
poly(heptazine | miuwsei)ngvedief fsegyrnd rhte smejdteadli .ceh.l ,0rN
KCl anda€f€af€hcrificial templ axt ®s mah & mbryaetviavos).ia m/
systematic study o f theirppbductabal yitni cr eaca
physicochemical, onwtriphall ogrnecmér, t iaemdd was carri
t est ed atchhei enviignhgest hydr ogen evemlowthigon5 8ol es o
gthtand 3dmod ' using 2 CakKal , amneésNacti,vel y. T
demonstrates how t he dsiyfnftehreédsm tsdditr @ NiGleet wiotnh o f

performhaoatecatal ysts due to a combi nvaac amc ioefs

or cyano groups, a shift i noft hmi corpa(incaan o )tshtrreu
results demonstr aiteesadc aas, ahseanc rCafClci al templ a
g-CsNananosheets are formed | eadingutpehydr g e

the previousbNyprepanr ¢ eédiugg Ing saynthetic step.
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1INTRODUCTI ON

Over t he I|pacslity megarcs,carbon nitrhdee cemepngeds
promising candidates &appl acatr doers ysppriondaupcptig aof n,
CQredudtdiemmslithg, ni t r ogen [ $fthd tso ifsi xdautei oo tti kkail r
properties, such as a bamadk egsa pCNQ so saec ttiov e2 .i7n et
spectrum, cempradrtdonany chemi cld8ds aan dmatthteerrmad
CNCs have adibmsngi dmwal arrarngaementn ez rianegds o(nd
triazineeN/)PFONGs (Lyat hesized from the ther mal

i nexpemrsewv®er sors that contain nitrdgegyamami de

(DCD) , mel amine (MLMureare@ahanothost common CNC(
ni triCeNe) ,( gvhe kdr acst eri zed by a bul k-Csdlahda sd itswor d
main drawbacks, namely high r ecodpebii mati dner

presence ofl erdeviiencgt s fnrcomp et e del aminati on d
condengatoicerss, and a [I'Poow ys u(rhfeapctea zairneeas.i mn d e h e
carbon nitride polymorehpdmae Is-ONavstHRavte v@ft | ¢ A1
a higher cdreygsrteael lofni ty, and therefocempahedit:e
bul-KNg®8oth CNCs can hbhefpeepatedplpyoaches suct
assenmBhiye,rowave [$%md heasdcri ficialll!Almonpd wthlee one s h
procedures, sacrificsiamptempiliae¢eepeeshves ane

obtai mhhhitgplcat al yti clldlaotdieve t matse raippiroawrhs cerCsN,C
ML M, DCD, urea or thiousebubbheesal xed fWwolt ho we
polycondensatkFon erxampien. salts Mg aH, Na H
commoméfyerred to as sacrificial g aosf tgeamspelsa tdeusr
the ther mal p oCqNme mpir Danttidceem goafll ggasshock t hat |
formation @GNia Wwad@2u0s20) f abr i -€#Nineadn opsohfebedtss) g

using DCD aanfdorNahHyGdOr ogen rgeaasct e wal. u tTihcen r resu
producti on -«©4Nsdau e otroo utsh eg f ofrrnoant itohne otfh eGOna | de
oMNaHGO!A! si mil ar procedure avg200@poobedi-byniya
CaNaNSs using MLMasrmhe MaGOit'&#/mpl aak,j( 2020) used
and sClH:Beyond t hissolmedt hoood,eutectic safbs 4+ a&mph
CsNsand PHI preparation.alF0l1leéxasnphttd e Xdé-akgy @&t K
by mixing KBranalnd ntvleisaurgead ed its performance
oNOL1Tlhey demonst‘iatedpbhat i Kwviisd digdha s e stolreg t i

i mproves the oxCilatiendalbigl t oyaofeghanced phol
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Eutectic salts such as KCI : Lif®Ir, thaeCls:yk@4h ewsd rs
18Focusi mpromukdti orushyngCMG@sxrificial templates
despitisnttemesi ve research recentl y rdeipfofretreedn ciens
terms of crystal struct ene, dhavfeabeear ex, dror
the same presumsbar apdéparati on and synthesis

di fferences have a strongchanrfd cuteenrciestonc st haen dC

photocatal ypricadhgtdir@mmgeeaf fi ci ency. | n sfaccrti,f iroceig
templ at eal(Xa0ng )etr eported at lpor@Nslpymr it s Dl wif n g
in ethanol and smBXxungted wqguebous solution of

treatadelnawed t he subsequent f owamattihoenr nafl |y po
550ACNlhe best samphedmehémvedolaut i oeamorla/tge h( HAEF
a 10acCl : DCD mblihMorr er ateicee.nt layi(.208Fxe¢ihesieed a ¢
doped PHI by subj enmitxthggrea dfi nk0:yl gMao@In:dMLM ( we
treat mMeattméosiphere at 600AC, and t Bémat é¢lgilal a
A similar material al@20280por i eudswltghac Bampd teati ned
using &HNagdD: MLM mi xture (weight rati oo)bttan em@tde
photocatalyst was eval uattetdr afcoyrc [fi‘the st bagirl ydia tr
|l iterature the wshickitaciaoael BBFr&Egbstad. alndee:
synt hesitdepde-@:N#gby mi xi ng KGCCNswwiot holweldk bg2 heat
at mospher é29bi50sAt0gp synt hesadpg oalulca weodtma A §2B 5 .
which was al most haza tihmes phiogheled by the bulk
Yuaentlr.eported t he-Clywitthhe sciysanoafmogdeadeédcbyg, di s
thiourea with a KCHhageebusi s-dfiwadohndetrzhen t
treated @Ahe60OACLting materi al emwods gddwle fd H iptr
was 5 times higher complZiNedt her twer but &p onatt £
mi xture MLM/ PpredbkK€l atohigh perfodmignagdantaite@m i
tetradyiHe nhei.gh photocatalytic perf omemaan c eh ad fi |
templ ates indicate thatmptribevreptibgdusipaoea thy faurs
i nexpensi vreowstyemtéred itco scal e up its Ipirgphluicgh toen
such an approach has baeuetnh oarpsp |tioe da bsyi ndgilfef emeetn

with a | imibéedtbeakuwper oment al conditions (e.
mol ar ratios), dme BBy ndt hresy idnhgeirdammt! d it fr feeart enetn t
which are known ntpoachtawen a hheuge nal catalytic a

mosotf the studies today have bédahidecusvdd| @n i
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of i nterest to furohepoesi atgégbéempbpkbkeshoraat
role of met al hal iCNeCst epthpylsd tneos alonpnt hhger ti es

catapyopertizepsr,odiu.cd.i o, we Treportcohhmgprreehansys
study of CNCs obtainedsasitnsg nhmeéymélex€l AhKICI
material s pheywarkalermccording to a commoell isgymlte
correlations with structuralhi goptiigchal ,t haand ca:
i nexpensi ve tneerpdlatteasl,i denl y KCI and NaCcCl have

the | iterature.

2. RESULTS AND DISCUSSION

Pol ymeric CNCs were synthesized by the polyco
NacCl , KCha®rs&arlCificial templ ates (see Experi
was carried out at dixfMeMennamellyarO:xrht i ®isl,ofl(
30: 1. The ambNSs obtgined was quantified dry
removal of THoANaBMEd t o MLM mass ratio was wused
yield, reported as mass percentage (%) in Fiog
the synthesis yielxlnas etalsee sa mdu natiblteeri rMyelde luds nwy

and €€ac€toss all t he mol ar rati os. However, S
when KCI was wused as a sacrificial templ ate.
50
"3
40 l
g =
PN
\030—
= °
Q@ ®
>_20—
m NaCl
104 @ KCl ® "
A caCl,
% bulk g-C;N, ®
0 T

T T T T T T
0 5 10 15 20 25 30
Molar ratio MCI,:MLM

FigurRealc.ti on yiel d&sNadrod ttthe ONCk gGynt hesi zegd usir
as sacrificial tempMLaMt emso | aatr diaftfieorsent MCI
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2b. T
and |
perpe
using
refer
KCI ,

e 2 reports the XRD patterns aefbl,J |l armdNCk
The ther mal polycondensation oif edldMtiont t
Ct-CiblaNSsf. dghe pat-Cblairs sfhobvnl msg a refer enc
e figures (green pattern)-CiN«NISIsovadd i my rtem
raf iMbsv) ( MGMNslskhogvs t he typical pattern
i ar peaks at 13.0A and 27.5A ag¥hebédr st
ction i-stdn icazeigreeatt h en gt ruind t sC:Nws hdve n, awlsii Ing
d one repr essenatcsk itnhge! thenfdlreerctaiwoesru al i nspec
d Figure 2b, it i s possible to observe ¢
ML Q. For example, when NaCcCl i s added as
at 27.5A becomes progressively |l ess inte
rr visible. These observati onlsayseurggoeesde ra ¢
ficant di st r Hbauwteirondiosft a(nschecsr,t earg)a iinn taesrs o «
i sorarerpatAt s mi wWas -CtNepDg tvear avhpmodguced b
i ati-CMNe[8Thduil kcgr porzaltuiromgoft hea&€lher mal p
M | ead to tBaNfapndutheohoomagi on ofs smal

widlils chues sed {patepraiCdNdbe@gntbai nbangg Ladrli fi ci al

cted to a washing process with 3Dlagwaitter w:
when KCI and NaCl were used, followed by
set of samples are shown in Figure Sla.
nce of several sharp peaks,onwhifcsfCaEigu b e
ompares the XRD paNlitMrsamngdl @ hwi ctlebd pbhtel ar@dnf

To obtain the -ERD ELaw®sr oi esfsol wedg using
solution. The suspension was sonicated
l'y dried. The XRD patterns of this set of
he results sdhopmedak@Nyxfthagdhchhetrh speaks bec
ess pronounced indicating ai decpaaakl &ln
ndicular to the ®anr2lxors hoiwtsr itdhe Isaeyterod) s a
KCI as sacrificial template. The obtain
ence pattern of PHI i s shown at the bott

agrees withsprevibes | réepoature when KCI

polymerizatl®heopaML®Mns of the samples exhiltl

peaks

corre

, i ndicating an increased crystallinity
sponding to the (001) <crystal pl ane. Fig
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increases, there is a gradwall wedg,jgfetst o gt mer @
the interlayer distance. To better-ulpi ghlitghbt (f

CaCl
a) |Nac b 2 c) [ke
} —/_/\__m 30:1 ) _,w 301 ) 30:1
e B ——
‘_;_A_/’/\\__.__m_,_‘ 20 "A\..._//\ 2001 e JL 2011
5 .
= _‘_____/’\ 151 € 51| & 16:1
Z - —— | 3 S
8 Z B
N— — | = 01| E
N 51 511
R |/ 51 :
/ bulk g-C:N
P AN 3 bulk g-C;N, | | PHI
— — 1 1L Loa1a 1u ITENTE Lol 11 L

————————T T R S e e R L
10 15 20 25 30 35 40 45 50 55 60 10 15 20 25 30 35 40 45 50 55 60 10 15 20 25 30 35 40 45 S0 55 60
o 20° 20r°

Fi gurXeRD2.patterns of the samples ssandhe}i K€EH asi sg
templ ates at¢c MLUMTfmeoleaart rMLCtli os .

The morphol ogy and microstructure of al/l t he
Figure 3 shows, by way of examplocebt aihnee dni ucsriong
hi ghest molar r.aMLM, foreea80: BaMCIi ficial t em
mi crographs for all the synthesized samples c¢
apparent fr dreFib@iNikiesg3character-ppedudyamd nloa)
mor phol ogy. Firstly, we would I|Iike to highlig
t he nanost r u-CNaprreo doufc etdh ebyg changing thg. skor i
instance, when NaCl was added we observed the
g-CsNaparticles within the 2D sheets. The TEM mi
produces thinner nanvlsvh eteotlsara sr atthheo NQilcr eases
okerve a minor-CNgyn afnrod wtbiesn (dfi gawr e S4) -CsMboweve
does not have a very porous moaph@@2®@3y) asevermc
both synthesis me@lhedamoampdosiomiyl ars. @eNeNeSssi mi |
reported bwl(T2e022)i,raneevter t hel ess they only syn
10 NacCl: MLM (weight ratio) and they repbted
Figure S5 reports the set of SEM and TEM micr

as sacrificial agent. The obtained material s ¢
scal e, with sizes ranging from 30 dlos e/rOvennt.h
formati on of exfoliated | ayers. It i s worth

previousl|lyIhepaut ddr s s*ydmotpheesNigzye dmiax iKng KCI w
g-CaNsand performing a heat treatment at 600A C
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ions towards the SeNalfldkclee o@NNSG her bdlbkedzawmssi ng
sacrificial template (Figure S6) show a porou
a positive <correlation between the poraesity
incorporated during the synthesis MLMeimodg at hea
the one with the highest porosity. We woul d
mi crographs demonstr at ezdtulrd nign d chrep csryanttihers i ssf 0

a more exfoliated neatuesrei aolf cNoan@pla roerd KtGol .t h

30 KCl:MLM 30 CaCl,:MLM

S L—]
400 nm 300 nm

FigurEM .and TEM mi cr ogr-@GNsasndoft hteh eCNICs| ksyqmt hesi z
MC{ ML M.

The specific surface area (SSA) of all the sar
in Table 1. The-CNgiAs o8/ tgh ei Tithaed tkp ggr at i on of s a
during the synthesis causes a c¢clear change 1in

used, the SSA remains {C&Nheoxw & pt tfhoer otnhee oli dludr
met al halide. On the other hand, there is a ¢
are obtainedi shease&€aCwhich <can be nicely <co

investigation shown in the micrographs of Fig
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Table 1. Specific surface area of the bulk g-CsNsand the

CNCs obtained using different sacrificial agents.

Specific surface area (m?/g)

Bulk g-C3N4 (from 18.3
MLM)
MCly:MLM NacCl KCI CacCl,
51 40+£0.1 10.1+£1.1 14919
10:1 43+0.1 70+£15 181+22
15:1 7.1+0.2 7.8+03 28.4x+0.7
20:1 10614 150+£1.7 284+1.3
30:1 21.0+£24 148+25 36.1+0.6
The optical properties for al | TVtilse ashasmplpas ov
photol uminescence spectroscopy ( FCsjaarned 4a)l.1 TH
CNCs obtained wusing 2Ma@l ,beKCflouandd iGaCHi gur e
respectively. Table 2 repots the estimated ba
show tiWe sUMbsorption spectra for-ClNbhhad he Bamg
gap value of 2.71 eV, which corresponds to a

agreement with the val ué?3knetpeorretsetdi nign yt he¢ hei t
NacCl , KChhas &Ladilfferent effect -GGNw. tHhaer oiprnstca
when NaCcCl I's used ashafgsadnmiwfairdisall ocavgente,nea g
which is scarcely affected by the NacCl: MLM r a
broad absorption tail in the visible spectrun
(Figure S7abBe athti cihbewtaemd t o the presence of c)
wi || besedi dausr considering t he FTI' R analy
i mprovement of t heCiNiwthleth NaLdr psi os@Hkish@edspe
As a comparisaldrR018gdng ep.oretted a smil ar red sh
s -@NaNSs from different molar ratilddowéve&lalClod
an absorption tai |g-Csapsr erpeaproerdt euds ifnogr tthhee hi ghe
use K&t as a sacrificial templ at e, only produ
val ues, compar eddNs,t owitthheoubtulak cgorr el ati on with

mol ar ratio (Figure 4c¢).
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Table 2. Band gap of the bulk g-C3sN4 and the CNCs NSs
produced at various MCIl:MLM molar ratios
Band gap/eV

Bulk g-CsNa 2.71
Molar ratio 5:1 10:1 15:1 20:1 30:1
MCly:MLM
NacCl 2.66 2.68 2.65 2.65 2.66
KCI 2.68 2.69 2.70 2.68 2.71
CaCl, 2.88 2.86 2.86 2.89 2.87
y a small tail I's observed for
hest molar ratio resulted in the

set ofsy@GWNGeBNbBEged, uai abgi CaCtowards

r. Table 2 and Figure 4e). This
i ble range, which is consistent

the 20:

f or mat

change

1

wi t-€3N4 he
whitel/lyel-CswCaB8bhmpl ebhe Ghe phot ol-GiMiNSess c en

K

on

hi gher

nd

c

thesized using NacCl (Fi gua(eFiQu),e KGI) (whisg u
m 1.8 eV to 3.4 eV and it wasC:Naod mpedrFeidg uroe
and 4d are presented the normalized intens
s e, in comparison to the reference, do not

harpening of it. This agreeli owhtal sbeslabwot
n the band

salts dopants al most no shift i

Figure 4f the optic@&Nsi bepacudbuaropf sawidpbge

ft of the emission epealkc ewi tThhirse scpaenc th et o etl h
ential of -CdBdaedt €GBt bé grbital hybridizat.

ms which in turn affect the [phDHd ctaitmd yrtd sco

spectra wer e recorded t o moni t

surements are reported in Figure

recombi nathioore @faielseawwtarsorrfficiently

or t he

de

S8szNs.wher e

all the samples, the decay ftNocodschbiobe

suppr

uce a remarkablepbkbaoabhacaeamknti of adthievi t vy,

viously observeeNssadmplinék al doped

g
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at 80Wwhdmh can be assigned to the out of the
ring®¥he peak AcomBOdsmwonds to t kL bvaonbdrsat i tone osfh
peak at ™a2n4d0 tchnre bands at 1312, tane60asifggaedat
ar omaiN cs tCr elt?®Riheg .peak atlatltér2i8buctned to the C
vi bration modeélsTheef bhreopatda zbiamed.s i n t he rahlge be

are due -Hosttrhet cNning from resi dd#alboamisn d agro u
adsor h@ dnoH elc?dll e s .

a) b) [0 ket| ©) [01 - caCl,
") TN _— \
21 . ,,ﬂ“"‘j/_d_\'M 201 T
e Pt Y
e VI =
g v p £ 151
g F A AV 1"" g
£ 2 o W = ) -
E o 1 I "y £ |04
@ ’é W £
Sls W 51 " " £
e  a \ g \ A T 2
 T—— \ E \lf ’ ! & |51
" \ Bl
bulk g-C5N, A bulk g-C;N, ) | bulk g-C,N,
"\L et .L]u“ A I
(V)

4000 3500 3000 2500 2000 1500 1000 4000 3500 3000 2500 2000 1500 1000 4000 3500 3000 2500 2000 1500 1000
Wavenumbers/cm' Wavenumbers/cm®' Wavenumbersicm''

Fi gurFeTIBR of CkNearbdiltkheg CNCs synthesized usiansg a)
sacrificial templ ates.

However, the samples containing sacrificial t
instance, the filisdipgpaaksat h216®rommti on of cy
intensity in general incr eaMLleM rwattiho ,t heex d enpctr ef
mol ar ratios wheMs urseipnogr tGadCli n the I iterature
an incomplete polymerization-samd/aai npaumni als, d

the generation of cy@Nd ramewidldtkwii s hs mg g ehet egd
groups have a positive effect:NorilTthiere sphomnac ate
at 968 scmssigned to the bending vibrations an
rings, r é%3pheec ttihvierldy.p eiks aats c2rlidb0edc nt o t he- pres
O bonds in the structur e, which agrees with t
XPS (seé3Thaet eprr)eesence of the former peaks demc
pl ane periodicity of the heptazine rings thus
Figure 5c show a s'malat peak cat es1® bemdmrfac€li o
is used as sadfdNfli csampltesnpspntehesi zed with a

peaks atla9@8l1d#diercart i ng the presen®©Oél)of Howewnvex
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t he bGBNsklog@gs not showXRPemsralpesaiks was used to

chemical composition -Ghuanst thiexiCliSss usi niguINla C¢
and eca€l sacrificial templ at es. At omi c compos
represent-aevet epeetra of the saarspltee npprleaptaer e(
mol ar ration), I's reported in Figure 6.

C1s N1s

Intensity (a.u
Intensity (a.u

T T T T T T T T T T T T T T T T T
2898 296 254 292 250 288 286 284 282 280 410 403 406 404 402 400 398 396 394 352
Binding Energy (V) Binding Energy (V)

Intensity (a.u.)
Intensity (a.u.)

538 536 534 532 530 528 526 356 354 352 350 348 346 344
Binding Energy (V) Binding Energy (V)

Fi gurXeP S6 .hriegshol uti on spectCGMNSer ushegsédih@iCacCy
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Figurkydir.ogen evol ut-C:hsmanaf tthlkee CINClsk sgnt hesi zed us
and crarcdCd) all the previous data t ogpertohdeuct iTdre
the bGNik RSD <n=240% (

All spect rfai twieed adredtassi gnments were made ba:
Morgan [(3ZMh21)C1s spectrum consists of three cc
eV and 293. 3 eV,3casbbgne-dC tienn s t o satel it
respeclfYflvel N1s spectrum is characterized by fc
is ascri>beddéd sptN=oQ@,ent hhen fCol | owi ng peak at 3
the N in te«AG)awhi geoap MNOO. 8f eWctisomale dgro wap
atohmfEli nally, the broader peak cantered at 404
present in the sample as-leoretl amipreattiranm, i ¢a neddd:t
with two peaks, pl aced at 531.5 eV whircd i s
component at 532.9 eV, assigned to hydroxyl g
of a doubl et with the/)mpiemk e d m@adTnhedrMt&lod Casedv/p

efficiency of al | prepared samples wast adstt er
condi viko% /TVEOA aqueous solution, as & Ppaati mhi
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as Zdcaot al yst . Figure 7 shows the KRBEWW M ensoullatrs ra:
while Table S2 reports 2pheduathiuormat edr vabhabks s
observed that t hexsianctosr ppdoerapmdgoynmerfi M&di on of |

gener al i ncreraccu otfi d ikeMiHMt me | BICI rati o increa:
t he met al hali de used. However, significant d
to the peak of highest production. For exampl

of telpeolducti on as the mol ar r aiproo duncctrieocans east,
3144#o0¢'thyt, for the 30:1 NacCl: MLM -fraltd oi, n omhéd ashe
Hopr oduactcioompar e dZsNo(l ®3mok ') . The fapooadbtei dr

along the i mncMLeMismmilgarMClati o reasonably resul
several factors, namely the stronger absorpti
preparations), the formation of c¢cyano groups,
increasacefaseaf especially for the cataAsysa s

matter Coafo fSaltd,t2017) perfor med rDFFETCeshaihdiu Nat i or
cedope-@:Ng howi ng t hastodiinutme rdsotpiitnigalcan change th

—+

heCNepl ane by favoring the electronrCsNuehease
mproviagr ¢ dhektMepmn.rts in the |l iterature using
ound optpirmallucHi on val ues280m0 thned®t agtidhe! e4 63

summari zepr ¢thectdHi on rates reported in the cur

— [—

salts as sacrificial templ at es, I ncdewda lnwgt i Noan
values when KCI is used as sacrificial templ a
photoproducti osmol’d Wt oor53t76e 20:1 KCI: MLM mo
correspondfsoltdo iancz2®racse&udtni o-h ¢ o maga\k e dRetpoo r ld elc
val ues i n t hpehotiotceartaatVuyrlten tcfiadin car ri ed out- by n
CaNs, at a mass rati-@GNsofl d&d 1t &K Cad : pnedndk U &)l 0°h o f
Il n another report eHEIRIVasraoamidev®®Oby using

of KClI mi xed with thiourea to creatlé®®Eyanan
calcul ations per falr mMead0 1b6yja ndiooayk set d o piCsNg o n
demonstratadet hateKcal ated into the space bet

the electronic | ocdlcionagtuig@an ealn ¢ y&ttetaednsd wthoh deen t ¢
caves of thelUOMNMsplgaeas ] vy, t hien tperrecsael nactee do fi nk o
sheets improves the charge carrier tdapshgr

i ncreased atnhaer ien ed tWoen idremsrigoraatuiro mgoft h@a Gly n
of CdNal eads to a compl etely 20irfofdarcd n to nh:eMdaMtihoer
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mol ar ratio incieéeseesOUFtgui@dvVycphpber @adudtnicaore a
to 6eé8nb3"thgtwhen t he MCBWIChlmol ar ratio i €mdlothff and
when the molar ratio is 15:1. Higher mol ar r a:
524mot'thfand 2c&88b'hf'fare measured when 1 WM& Mmol &
are 20:1 and 3.0h%®, reaspeactfioveltyhwi s peaked beha

and wil |l be subject of future computational a
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Table 3. Hydrogen evolution rate (HER) of CNCs synthesized using different sacrificial templates.

Template Precursor

HER

(umol g*

ht)

Experimental conditions

Ref.

NaHC03

DCD

1010

Synthesis: 2 g DCD + 0.1 g NaHCOs

(550°C/4 h/3°C min™).

Photocatalysis: 1 % wt Pt, 0.63 gcaaysi/L, 25°C, 50
W/m?,

[11c]

NaCl

NaCl

NaCl

MLM

DCD

DCD

2400

2801

459

Synthesis:10:1 NaCI/MLM wit. ratio (600°C/4 h/2.3°C
min‘t).

Photocatalysis: 3 % wt. Pt, 1.3 gcatays/L, 10 % viv
TEOA, 25°C, 50 W/m?2,

[17]

Synthesis: 30:1 NaCl/DCD wit. ratio (550°C/4 h/2.3°C
min-t).

Photocatalysis: 3 % wt. Pt, 1.1 gcatayst/L, 10 % v/v
TEOA, 25°C, 300 W Xenon lamp.

[38]

Synthesis: 10:1 NaCl/DCD molar ratio (600°C/4
h/2.3°C min).

Photocatalysis: 3 % wt. Pt, 0.2 gcatayst/L, 10 % v/v
lactic acid, 25°C, 300 W Xenon lamp.

[16]

KCI

KCI

MLM

Thiourea

5238

4 000

Synthesis: 1.5 g bulk g-C3N4 + 10 g KCI (600°C/2
h/10°C min‘t).

Photocatalysis: 3 % wt. Pt, 1 gcataysi/L, 20 % v/v
TEOA, 15°C, 300 W Xenon lamp.

[19]

Synthesis: 10 g thiourea + 0.03 g KCI (600°C/2h/2.5
°C min?).

Photocatalysis: 3 % wt. Pt, 0.63 gcatayst/L, 15 % v/v
TEOA, 1200 W/m?.

[20]

NaCl

KCI

MLM

MLM

3144

5376

Synthesis: 30:1 NaCIl/MLM molar ratio (550°C/4 h/4°C
min-t).

Photocatalysis: 3 % wt. Pt, 1 gcatayst/L, 10 % v/v
TEOA, 1500W Xenon lamp, 500 W/m?.

This

work

Synthesis: 20:1 KCI/MLM molar ratio (550°C/4 h/4°C
min™?).

Photocatalysis: 3 % wt. Pt, 1 gcatayst/L, 10 % v/v
TEOA, 1500W Xenon lamp, 500 W/m?.

This

work
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Synthesis: 15:1 CaCl,/MLM molar ratio (550°C/4
h/4°C mint). This
Photocatalysis: 3 % wt. Pt, 1 gcatays/L, 10 % viv work
TEOA, 1500W Xenon lamp, 500 W/m?2.

Dicyandiamine (DCD), melamine (MLM), hydrogen evolution rate (HER), triethanolamine (TEOA).

CaCl: MLM 7 657

A previous wor k ccernadluatseCaNgbegyr Tphr e b2eatod luy ti iom
the presence of al kal. chl ori des JFporuonddu cat ipoons ie
the hydration enlefflppy afuthbescasuiggest that the
the solution pulls the oxygen atoms from the
more mobile which, in turn, promotes the prot
t he Vol mer gsttetpe ifmtrenmrimedi ate adsorbed hydrog

foll owing reaction:
Ol 00 CQ z c0O O 0’0 (1)

As a consecutiveistéode, ngolpeouwluaredyd showed by

steps, respectivel y:
00 ¢0o O Qz 00 O U0 (2)
¢0060 2z 00 O ( 3)

The authors proposed that the presence of <cat
addition, favours the equilibrium of the' Heyr

i onBEPR spectroscopy has recently found wide

sci dd”l@daed, in part i-GNulfarra me WidE MRh emegasur ement s
performed on our samples at room temperatur e
vacancies and possibly to rekptedubteimono Itimhee
are generally considered to be one of tche ma
production by increashingurtehe8 MLCH xwdUL Ma g art e pr. e
each sacrificial template, the EPR spectazum o
produc¢t3x®nl NacCl: MLM, 26:HKHCICMEBUMM ahdse three
centered atvatlhuee s(a2ne00g34 N 0. 0001). A unique s

i s observed in the case of NaCcCl and KCI i ncor |

di fferently wide hsi cmaales2ioiis @Ceaywidad enti oinn The sp
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g-CiNasynt hesi zed from MLM is also reported as ¢

should be characterized by a | ow degree of v
di amagnetic response can be observed iing attheids
NSs, synthesized adding talgentilsrearai frfeg@roente d:

together with the speeCsNgums hoobvinai anse dr d foe r ebnucl ek
intensity EPR si gvnaalu ec ebrettemweeedn 8&2t. wWads3g cabnsde r2v. e0d0
the NSs. As shown in Figure 8 and in Figure .
CacGhad a different effect on the EPR spectrum
i sotropic signal is recorded. This type of sic
attributed to l|localized pophRiitrald Reléecoyghiomgi the «
C atom and has been finally correl 8&4%Whdent oNatChle
is used as a sacrificial template, a trend of
ratio is difficult to be outlined, due to the
the | ow intensity of tahte osiscn gl sb.e tAwe ean rtenseu ldt
vacanci epraddcHi on can be hardly defined in t
most i ntense si gn-&3INsscyomtehse sfirzoend tahte ag mol ar r a
i .tethe one correspothippgpdtuctti e i ghe n t he Nac

when KCI is used as sacrificial templ ate most
and | inewidth and a positive caoahreal athieond ebgert
vacan-canads t he moClasrMorMtdmcur s . For this set of
the highest degree of crystallinity, the high:t

30:1 KCI:MLM, which 2plrodultdd otnhe alhiuglse svti t Hi n
4429 [®mMmb] respect i veevmays) .usWhenasCas@Glcr i fici al t

spectra showed a more complex and wider | ines
di fferent contributions. This is possibly con:
This mat eriiaglh edri sppolraoyssi thy and i s more exfoliat
with the use of NacCl or KCI as sacrificial tel
(see Table 1). Besidessare®malalss @ udpnutriittiye sp hoafs eG:
it 1 s worth noticing thadhdaws tstee ilecwedtt aN/n@ dr
among the investigated series of samples so

nitrogen vacancies. This could be consistent

related to the EPR broedéedtWwi mhr kedpect to th
KClI series. Omrl MLMoa dA&rrnowagilgnal, similar t
typically NaCloradnedd K®Ir seri es, i's observed su|j
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recal l her e t hat t his i s just prrdcucdd oen. s hc
measurements on the available EPR standard, (
conditions used for the NSImpaalilscowe d fu ssitgom ad st
the average amount of paramagnetic centres wi
EPR signals is of t herTlhoer deere cotfr opnasr tfsrc apre jrtuhgen t1éod
structure cannot mov e-CilNsgpelealnye,i nast hteh ewh oolnel y2 Dnc
the heptazine ring. -GiNsas phbeohawvil eect recadowang t
but good semircoppreduciteisngguch as visible Iight r
pot eh%°Flal a photocatalytic-CGgNuperimemtdj avvedn tt
move frdmypédebondstytpoe tbhoends, which <correspo
el ectrons move fr om stamedpo2Bb i(tco mpfo sear mmdn 2and

the CB (composed oporalpiptro xdfmad &r than fat2édhis and

50 L NaCl-30:1 50l KCI-20:1

25} 2.5

o
o
o
o

o

o
e
w

&

S
.
o
o

Derivative EPR Signals (arb. units)
Derivative EPR Signals (arb. units)

1 L 1 L 1 L 1 1 Il 1 Il Il
335 336 337 338 339 340 334 335 336 337 338 339 340
B(mT) B (mT)

w
w
B

(3]
~—

cacl, - 15:1

g
o

o
o

[ied
o
T

o
o
T

Derivative EPR Signals (arb. units)

334 335 336 337 338 339 340
B (mT)

Fi gurEePRB .specft rtulme CNC NSML Mvimal aMClr ati o correspon
Hproduction for each sacrificialb tTehnmep |sapteec:t rauym Noaf(
g-CsNsi s reported in each figure as reference signal
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3. CONCLUSION

Di fferent carbon nitride compounds (CNCs) w e
mol ar ratios of 2dClsacKClfianédl Ca€@lmpl ates. The
(MQl had a different effect on the morphol ogi
CNCand consequently in the per foprrnoadnuccet ioofn .t hTeh
of NaCl aas <ac€tificial templ ates | edCsNg,0 t he
wher eas KCI Il nduced the formation of poly(her
showed an evident change in the morphology by
t h®eamples show a higher exfoliatMoeM dedraeerlay
shift of the optical absorption thr eX®Nyolwi twhas
the addition of NaCl and KCI proded ng &lwery

small Dblue shift. A reduction of photol umines
EPR and FTIR experiments indicated the for mat
play a cruci al role in the2ppreordfuocrtmaonnc.e 2aohfe thl
evolution rates observkhduwieng KBbuans8mBabd ®mdind
NaCl, with a significative amptbeemempl athi eV
1ht most probably rel ataendd tsaurdmecasopet hesepas

This work has provided further evidence for r
performance photpradadtyisears dmderH sol ar radiat

addressed to their cpppbducatoonufnhdergsasehaHnab
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4. EXPERIMENTAL SECTION

Synthesis of bul kagdl€beand CNC

CNC NSs were synthesized by the ther mal pol ym
the presence of a metal(l ShgimadAl dal th, B8a8m&) y K
99 %) oeA2:a(CAl faAesar, 99 %). Before use, the
at 120AC for 24 h. Different ynoltar meM@&GIMbo WNeof t
(5:1, 10:1, 15:1, 20:1 &add30he) Mudir wet est ede
mi xed using a pestle and a mortar and placed i
was carri edzaduto sprhceere Mt 550A B, dwdAl IC anad al l
down. gQsNsevas added to 80 mL of DI water and so
the salts. The suspension was filtered and ri
were dried at 65A C for 6 hours and finely gr
g-CsNawas synt hesized by polymerihat mah ©Of e ML Men
the incorpoxdatriog o6¢heMGBlynt hesi s.

Characterizati on

The crystal structure of the samplreasdiwvaarsiaganc gXu
di ffraction (XRD) wusing a Bruker D2 diffractol
were obtained in the5bwawen easgnBbadpescdb&@phot
equi pped with an inte@ray)i ndi €p loes tteeur@ddzaesta do nc o
samples was achreseduvianasbaghing electron m
Mira 3) operated at 2O0OwaksV.d eSpeercmifniecd souurtf avciea akE
and Teller (BET) single point imatcksgd USHI. o wEsaocr!
was weighed (~ 300 mg) were degassed at 120 A

of & Me 30 70 mi xtur e. Gas adsorption was
l iquid nitrogen, followed by gas desorption b
were made for each sampl e. Transmi ssion eel ect
CNCs were taken -bx00a BEXOLlI JEiMcroscope operat.i
with a tungsten fil amewnt iaanss f®ir enc tHolNR g aaudr ac(ey. s
were conducted wusing a Nicol et FTIR i S10 spc¢
equi pped with Smart I TR with diamond plate. T

scans from 4 '1a0d H#ot®mboesdomat pbatol umi nescence
were recorded by me&nsspefct aofFllworometgEo n ) HOF

equi pped with a 450 W xenon | amp as exciting
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emi ssi on monochromator s. Al l t he optical me
temperature on powder dispersed samples as o0b
sorting treatment. The PL emission spectra wer
of 350i nRkeeesol ved PL (TRPL) measurements were ¢
Single Photon Counting (TCSPC) tech-Nvquok, @Ds
solutions were excited using 80 ps |l aser diod
reol uti wBO0@aps for al | the measurements. Sur

investigatbgd plhypt el ectron spectroscopy (XPS)

Probe I I spectrometer (Physical El ectUXamiyc s)
source (l480perea¥vVed at 15 kV and 24.8 W, with
1400 eV) -raensdo lhuitgithon spectra were recorded in |

mode at a pass energy of 117.40 and 29. 35 e
cmmpensated using a dual beam charge neutrali z:
of Cls spectrum was used as internal standard
284.8 eV. Spectra were processed witltElMclttrioPa
paramagnetic resonance (EPR) experiments were
a Bruker spectdhamet drabiomtt e 48 GHz) , with mi.q
and a-tppecaakk modul ation field of O0.0&6smTonkPamgt it

samples in the resonator and in determining t
milligrams for each sample. A suitable standa
the instrument al calibration andndtoi cesd e mtad re
comparison of signal intensities.

Photocatal ytic hydrogen experiments

Hydrogen evolution experiments took place in
mL of an aqueous solution 10 % fP99%) amde2Rham
the photocatalyst (1 g catalyst/L solution).
min, then 42 (Pt b6l atDoB8( Mekachl oroplatinic
Sigma Al dri chk)atad ytsheiphtgdouorusoare p(osi t ed on t he
irradiation) was added to the suspension, and
stopper septa. l rradiation was performed unde
30800 nm) using a HS0oF&®&r MEoGRA580e’fl0€) 6atho® G .\

independent experiments were performed on al/l
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guantified by gas chromatography coupCR)d. tTohea

Hcevol ution i sitmefegresms eadf psadbal ysef i rr alhi)at i on

Supporting Information

The authors added in the supporting information additional details: XRD patterns of the
CNCs synthetized using CaCl2:MLM; SEM and TEM micrographs of the CNCs at different
molar ratios MCIx:MLM; Absorbance spectra for the CNCs; atomic percentage obtained by
XPS of the CNCs; Hydrogen evolution rate for the CNCs; PL decay of the CNCs and EPR
spectra of the CNCs.
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Figur SsEM3.and TEM microgrGMasdotideNGsbslyktpgeti zed
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Table S1. Atomic percentages of the bulk g-CsNs and the CNCs synthesized using NaCl, KCl
and CaCl, as sacrificial templates.

Atomic ratios % C % N % O % Na % K %Ca %Cl N/C
Bulk g-CsNa 38.4 60.9 0.7 - - - - 1.59
NaCl:MLM

5:1 43.4 45.6 6.7 4.3 - - ND 1.05
10:1 42.1 46.1 6.8 4.9 - - 0.1 1.10
15:1 42.0 42.6 8.6 6.6 - - 0.1 1.01
20:1 42.3 43.5 7.9 6.3 - - <0.1 1.03
30:1 44.7 40.2 8.4 6.4 - - 0.3 0.90
KCIl:MLM

5:1 47.4 41.0 5.4 - 5.8 - 0.5 0.86
10:1 40.4 50.4 3.2 - 5.9 - 0.1 1.25
15:1 42.3 47.8 3.8 - 6.0 - 0.1 1.13
20:1 49.2 38.3 5.8 - 6.3 - 0.4 0.79
30:1 455 39.5 6.5 - 7.6 - 0.9 0.87
CaClz:MLM

5:1 44.2 41.0 11.5 3.3 ND 0.93
10:1 40.9 454 9.7 - - 3.8 0.2 1.11
15:1 49.4 38.7 9.1 - - 2.8 0.1 0.78
20:1 52.8 34.0 9.30 - - 3.8 0.1 0.64
30:1 37.4 11.2 28.2 - - 11.9 11.3 0.30

Table S2. Hydrogen evolution rate (HER) of the bulk g-CsN4 and the CNCs synthetized using
NaCl, KCl and CaCls.

HER (umol gth?),n=4

Bulk g-CsN4 183

Molar ratio NacCl KCI CaCl:
(MClx:MLM)

5 944 2355 2581
10 1492 2703 6813
15 1231 3878 7657
20 2327 5376 5249

30 3144 4429 2835




Derivative EPR Signals (arb. units)
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ABSTRACT

Photocatalytically active heterojunctions bac
drawing significant interest for their chamel
| ack of mechani stpiecr fionrsmagnhctes, ihnotwoe vtehre i rl i mi t s
novel and optimized materials. Herein, we rep

per ovs khAdBi GEeNs, used in padrailven Hydr sgppdmrgen

nitrogen reducti on, guantified by a rigorous
promotes the two reactions, but its activity ¢
rel aatmowent s. Through advanced spectroscopic in
model |l ing we2snddNEBEddubei éiln reaction mechani s
hali de vacancies as the primary reactive sit

positive contri bulBNsgo0oni mfr d duv ilnoga deeadr rgi er r eco
reducti on, i nstead;CNuhmiet amcgeveasddreeanet gr o]
best performs at | ow perovskites | oadings, a ¢
and reduced <carrier | osses. We tb edodndsv et otwhaea sde

uni versal exploitation of MHPs in contemporar
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1. | NTRODUCTI ON

Photocatalytic reactions mediated by metal ha
of current i nterest bempuseecdfsltdwevpcemi $@r C
prodult®fmannks to their excellent optoelectroni
high absorption coefficient, | ow exciton bind
successfully applied to a wide range ofabhet
band alignment of MHPs withr ¢édet imorss alolmomosn |
reduction and oxlitthast i confrieracetdi oby, t he r eceé
demonstrations of t he t wo mo s t representa

phot ogener atriedu dathidé hC.O

With respect to traditional met al oxides phot
structur al variety, which all ows the design
envi sagdad iswvel areacti on. | nbasdhed akedplecdd sbems
been explored, ranging from 3D to 2D perovski:

A3B2Xe, an(dBBANf)oXxubl e peldVskites.

The gener al strategy to reabkbkzet ada@Hec gprad 3 ey

MHPbased photocatal ysts i s t o design suitat
semicond#bclfidrasddi ti on, the second sedatcalnystct
i mprove sur f%Adgeairneactthieorh.i gh tunability of MHP

wi t h suitabl e conduction band (CB) and vale

heterojunction and to provide enough overpote

Il n recent years, -sewnemael heypeojunamido i ncl uc
reported for a range of photocatal ytic react.
most cases, has been gGMN)Af8t'33¢-Casd rsb om en iotfr it chee
appealing and pgerefeorpnmmionngo cnaegttadly st s having a goc
spectrum (band gap of about 2.7 eV), ease of g
and is stable in both [38lcri diMel-Bdnidet lea ®i @ n anteid
photogenerated electrons ten-@N4 owmiegereatet ane
the photocatalytic reaction are present, whil
the MHP. On the other hand, the perovskite it:
hydrohalic acid spli MAPB@GMA ame tdlreyroanmma mitwem) ia
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other systems slEeMoasngCs®WwBYy fromadgeki gerl ecvadl

derivatives wer e al so successfully empl oye
photogenéf dmeébea. recently, significant -biansteedr e s
doubl e perovskites for their potential wuse in
superior stability, wide compositi ocAgBkBasnabi
been investigated feduphobacawhbkyeictCas bee

of the perovskites acts as r é%&cRélwenr srietpeoritns tr
the hydrogen generation mediated by tAgiBss Bdoub
heterojunction representing t hemob'éhy'to fr espvoorltv etc

hydrogen under 30 0a0OW 4i2/0l 3@fnmen apt ri copno seetd mec han i
system considers an effect bAvgeB sttBoa n s1fee rCBo fo f e INe
which:0beeHati on r é&3%3f¢tion occurs.

While there is an increasing amount of eviden
based heterojunctions i n runni ndge tvaairlieodu sd epshcorti
the reaction mechanism(s) is stildl |l acking. I
experi ment al and compAdBidGla\nh ét esrt awjdwyn cotni oGiss v
been applied to run two different photocataly:
reduction to ammoni a, to the best of our kno

explored befobased appghigBMRCACs been selected b
opti mal moi sture stabi laintdy ,b escuaiutsaed li e eb assrodnpa leim
The 2ACsBi/@IsNacomposite system has been investig
bet ween per o@MNsski We famand itchhatcovwpPosi ti ons perf

H phot ogener at {CaNmnr,i cwhidystggms ar e mor e effec

photofixation reaction. As reported above, du
photocatal yti cbaasceed vh dtye rodj uMiHcRt i on s , key aim
comprehensi ve afesnehmib@tnii am under pilningihntg ntehdei a
reactions in terms of charge carrier dynamic
achieved through a detailed photophysical an
prepared systems aoadt Gbyttbhertewotpbats I nvest.i
about reaction mechani s ms. Whaded thet earpop | uincce
hydrogen photogeneration is now quite well e
suitabil ity ofysstuecnhs ctoomprousni trei tsr ogen reducti o
avenue in the photocatalytic application of M
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2RESULTS AND DI SCUSSI ON

The 2/ACsBb/QfIsNa systems have been synthesized acc
procedure reported in the Supplementary | nfc
bet we eAilg ECbssCrl d-Cshjananosheets are (wt% of perovski
85, 82. 5, 80, 70, 50, 25, 10, 2.5, a n dr aOy. Fi
di ffraction patterns of some selected composi
perfor manztesr, Iiseethe text).

C-

Cs,AgBiCl,

—— 90% Cs,AgBiCl,
—— 80% Cs,AgBiCl,
—— 50% Cs,AgBiCl,
—— 30% Cs,AgBiCl,
—— 10% Cs,AgBiCl,
—— g-C;N, nanosheets

Intensity

SHTE T
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Figurea)l XRD patteAgBedh:iebepbsesdt €s; bAgBtkGElycsh adf
structure'iwhmerar@s shown as green spheres, the chl
the Ag and Bi octahedra are shown as silver and
ammonia producti on&GNsws %ai hubbei(oadnpsbismutleast.ed sol ar

W

I n the bottom part of 2Ag Bsudas bl e, ptelre vpa&ti tteer n s«
a sketch of its crystal structure iFPm3Fdmace 1
group (#225) and a |l attice parameter of [3°. 77
Figure S1 shows a compari son bet ween exper
C3sAgBbsCIAt the top orfayFipgautrtee fgbs,rodtnfpeihi¥eetgs i s r
showing the typical broad peaks around 13A an
refl elc*@lihenp.atterns of the composites (cfr. Fi
refl ections aAgBiéagihd wthie orfe fCeBe<tt a rotn st @fbaeg evi d
50 wt %. Al so, at 10 wt % of perovskite its pat
scattering powerCsNei t Morresplexgi ctaolAg Biss @EgNsat i on
and selected composites has been carried out |
the results are re@gMinbedsherefFbgtsmeedbeagtalri z

Transmi ssion El ectron Mi croscopy ( TEM) and
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nanostructure ar e sthiowal liyn Feil gureent 8B. mappi n
di spersi vreay( EEDSectxr oscopy has been carried oul
CeAgBs&Ld an illustrative example and is repor

formation of a composite between the two semi

Figure 1c reports the results in terms of hy
bottom graphs, respecmbVvVéhyy) ,obexap mess edy apsho
experiments under simulated sol ar l i ght (for
production rates follow opposite trendsiab a

sampl es performing bettati ®6opr ahn tpooary domdse hre Wre
the nitrogen reduction more effircaiteent(IHyER)T,h ed e
from HCI splitting, sGx¢gpRktCd itnlte easmpo girtoen iprua
of-Cals, reaching aemvbhihdehiodh 62% more than doubl
pure perovskiteCNNouaedehat hpgeseergaction condi
4emolthdg. The reported data confirm a synergi st
the photocatal yti cCdA@QIBs LAt hdank gt abtihe tfyorormat
heterojunction (see |l ater in the text). The p
hydrogen gerCeA@Bi OGIhcalmy be compared to anal og:
doubl e perovskites. To daGs\gBeBay béden HBxplsel
heterojunctions with reduced -ddo@pd bad & bixéd e,

best HER has beenCsAgBuoBt.e5d%RIGSt etnhepr ovi di ng a
emolthdgof hydrogen under solar i30@mWnialtli omi mat
with an apparent quant uml4éfhfei cpiremstayBty @IQB) go f
CsNscomposite, with an AQE of 2.3% (under 500 )\
photogener at i emo blfhgiarbdiua at6i2rbg an ef fecti ve HCI

doubl e perovskite which is comparable to the
clearly, is more appealing from an applicatiywv
HC.I®]

The reduction of nitrogen to ammoni a, as ment

to the composition (Figure 1cjge mmeartaht iao ng rraadtuea
from pilAgBsCp t o0 2AGRBRE OO sNgcomposite, reaching
value of emdldhg PW#r0esNgnanosheets or | ower amoun
the composite (see the point at 5wt %) perform

by | ooking at the nitrogen fixation results o
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eff

ective synergy between the two semiconduct

reports about nitrogdmseddhetticom| by etB\Nab tM&dP Ho \
been reported as a suitable material for this
nitrogen Wad4édraociedsCsNenamgosheets used to prep:
samples have been synthesized to promote the |
Section), as determined by Electron Paramaghn
Figure S5). The presencees udft niint rtohgee na pvpaecaar nacni cee
related to the number of unpaired el ed¢tdlhoen di
presence of nitrogen vacangiags pwad ofebretchemnc e
(XPS) carried out -GGiaamadbowihktdhaeampresemnhtgnanosh
decreased from 1.59 to 1.15 further clodhlfirmin
From a quantitative point spfoduewjopr e@Nwesasby
or of heteroj unQN4 oarse imicghnaeli ngha@gn those obta
i mportant to stress a delicate point rel at e
photogenes atCaadr®Ht Il y, most of the reports abo
fixation make wuse of colorimetric methods wh
sever al interfering compounds, iamgemdr t(iwhulcdar s
be removed according to ref. 46 before the
containing*® it rtohgee npr esent paper, we devised
met hod based on ammonia ion selective electrot
Section) to determine the produced ammonia, t
reactienammdmia | SE method was preferred to
reagent met hod and indophenol bl ue met hod) a
controlled experi ment al conditions (temper a
equil i bmajiandtnot affected by -phedsattsi ficia
The results reported above demongAgBsi@E:Nt he s
system for the photocatalytic hydrogen and an
trend in the production rates as a function o
underpinning the two reactions and tHetaihlaed
spectroscopic and computational model |l ing wor
The -WiVs absorption spectra and the TaAwgdBsp@lot s

CsNacomposite are shown in Fi2fgBgiCd&S62. 6Th ee \b amHdi
of-Cla2. 78 eV, in agreemenlt?®Nelcbr gregi post hepoe
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ratio in the composite, the gap | ies closer

without significant variations between the va

The normalized photol umicAgBig@hNaeyspemsrarefr e
in Figure 2. The emission is dominated by the
nitride, even at very high perovskite | oading

we ak perovskite emi ssion,mpdsertven fobm muhei

transl4tlinompsarticul ar, three transitiCiNas ah aw e ht
energy one, centered at around 444U*n ne!l eachtircohn s
the LP state, and two | ow energy transitions

|l ow energy tr-aadi atiions mealmani'$mstatpopsl atqu
the structure of the broadband spectrumndepe
previous wor ks, t he interplay bet we-mnrdi ahieved
popul ati ont afe have been studied and rel-ated

CaNal *Tompositesf weehpeéeadskite have also been

focus on popuhdiabonvef shanhes and its ihghct o
1.0 - 1.0 I
I_% 0.8
0.8 g
= S 06
2 ]
[] 2
_"é' 0.6 04
© T .
.g 420 Wfloelength (nm)480
E 0.4- vk
o PVK90-10C3N4
pd
0.21 PVK50-50C3N4
PVK10-90C3N4
C3N4
0.0 ; T : : : i :
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Wavelength (nm)

FigureEfi ssi on Apgd8a¢/tdgb:cofimpOsi tes powders at di ff e
perovskite | oGMNiangd ApsBi#)e.f edg t o pr i &f=i n3e7 Smantne.r ilan ¢
zoom on an interesting sphgByp@ll zone. PVK stays f
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Despite the dominative behavior of the graphi

of the spectral region around the emi $oiron olwa
|l oading of perovskite in the compybshgbeaubhe:
popul ation, as the emission displays a strong
Conversely, by increasing the peiroiveks tleecame
and more pronounced. Il n FiguretiZewesamppest e

compos tltle :8B9B b-@=C:Nawi t h t he best HER perfor manc
with the weaker contribut U*onL R os ttahtee btrroaamrds ibtai
observation points out on the effect of perov
the sites where they can be expoofuertthem ¢poderi
relations bet ween t he exciA@Bls/ @BsNsac @mpdysn & mioc
Differential Transmission (DT)Omeiasalemeat saii
injectedf emthsd®®dnd | aser pul ses, 360 nNnm i n w
rate. A white | ightmpd wperdc oanst i lmruaand bwaansd epr o b €
I nformation for experimental detail s) . DT was
same concentration usedif.teg/ phohot hktpalogsied D64
(Fig. 3a) and 0. 5s3pgr/foduocnt itchre (cRisge. oXb )NH

2 2 t +Ma™SAG
2 5 B CINE R 7052y
2 £
L, 8 t + 04N
: E W
2 & t £¥n
® ® . e Pt
5 a)
t £
| 1 1 1 1 1
450 500 550 600 650 700 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)

Figurae) 3Results rangiAg®sdCdroonv sLi0iOt%e C(sb | a-C:Ks(lyiem ¢ o wt C
l'ine), wliO hRPoMBN,& a%@ corresponding to the best HER.
CsAgBpCdr ovskite (bl a€iNs(llii-bgehite t oi A®0 %higgh!| i 0t i ng
PV K GNg, corresponding to the best nitrogen reduct:i
with zero offset for better readability, with da
spectrum of the same »AcgoBEoClI. PVK stand for Cs
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Ful | spectrograms obtained from a DT measur e

=

el evant DT spectra extracted at 1 ps delay a
ure perovskite sample is characterizettubg, a
ue to absorption fr ol e&gBbtdeNscsd mg esi.t el hep t9i0
oegdéner ati on has an enhanced photoinduced sic

-+ O O

sampl e. Thi s -€3aNghgeel sptss itnh akte egpi ng tolpda iprerl o wesxkii tt
the HER happens at perovskite sites.

On the other haptj minedgdampt esi trogen reducti ¢
signal is maxi ma@h o£89BtE®Nic avlei d® i s the one gi
NBproduction rate. Opposite to what inferred
t h®enal ogous -Cas t batt avfi tdh an enhanced signal

generation happens at graphitic carbon nitri
excitations in carbon nitride and thus the a

presence ofiparoesbhbetCtNa.wo pure g

As a gener al observati on;CsNtdred ctohmbi pat o wsak ibted

the DT signal of the component actively 1invec
repeated for different compositions, and the
for the two different ftehaet uorneess 200f mtiBhOea nsdp et chter
63650 nm, as reported in Figure 4. I n the <ca

spectrum mainly consists of photoi ndecedfales e

absorptibdyg BA="d evolves on a picosecond timesc
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Figur&) 4Maxi mum of DA (DT with a minus sign) e xt
composites as -GNsgdmowcnti onbfMaxi mum of DT extracte
colors of markers are indicati m®O0t men DA g(id)- (vbd wee

650 nm (red). The insets showpeteh&sl ampbhitoderahdt
rates,?l wintlrRcorrelation coefficients, with the s
|l nterestingly, the trend of the DA signal as
the trend of HER efficiency. I n the case of ¢

relevant correspondence wa sapfrooudnudc tiinosnt eeaf df ibceite
peak of DT signal at |l ong time delay (above 1
confirms gphradd dootri oON\H phot oi njected carriers,
perovskite, ar e -CaNa n snvfheerrree dt ihteo etmbomboinngi on r eact
within a nanoseconds timescale. Additional re
di fferent compounds and spectra extracted at

| nformation (Figures S8 and S9).

We performed density functional theory (DFT)
hydrogen and ammoni a pr od-Gsblicioonnc erna treast i wint, h Fv a
calculations have been carried out at hi gh | €

for geometry optimization with refined HSEO0G6+

as summarized in the Gdmmut aMei esrn alr tDevti d ihl £ 0o9nes.
CsAgBsChase. Not abl y, 2AdRbJdSdtnaenrdaad édosntea nCssi a | amo
hydrogen, Figure 1c. Recent studies have poin
controlling the hydrogen-bagopseduahniabgPBisr E&He
Theoretical studies further showed | ow, f onma-
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C3AgBsICUl k plhElesesmodel ed chloride vacancies in
(00slur f ac PAgdBfs L § WogRd .)sGt er mi naskeenFigure S10 an
OQur <calcul ation$ pradsctideepedgatl sl.fhbre\a ashuo
val ence band maxi muemn sdes mhieguarnte vea.chAar-gg@ st a
di mer by trapping 2 electrons, see Figure 5d
at surface defects and | ikely are keyr tieod ftdre
SnSn di merhsaliimdet ip@tBve ki espe)cttirveens(i+/i on fur't
fairly with the experimental photoinduced sig
calcul ations predidtr atplpedf exmatiomrs , ofsegelFfi gul
beingoget her swionh femims hali edepovmsiamice esor t he

features | pAgtBsgCHmisree €s gure 2, in 15he with p

To rationalize the trend in HER,-CiNeg CAgBE@! t h
heterostruct uAgeBsf@dnt ht mend Cavi-GsMwanwotn ot hg erg ads o
representative f-wtr%t-@iblirdeaqgw oanrsd Irieglpecti vel y;
Figure S13 for mod el s et2AB b & h et-Gbha h@bA geBdsgCels ©
interface appears favorable for charge separa
of-CaNal i es energetically | oweNs( @A RB 5 (@2V.)8 6t heavn) ,t
l ine with the density of states of the heter
el ectron tramst e per ov-GsKi Mcer eadbvseorr,b ear |Iteor gge o
edges g-€CNia 2AgBBEtCO t bAegBGCi sel f is present, S U
force for electrons frAgRsiChlek. ntecfaaei n-@ fthe

CsNsmay consequently increase the | ifetime of
separation, but also suppresses the formatior
resulting in the increase in HER, Figure 1lc.

Our DFT cal cul-GN4i @MgsBsdde ttemr®@sgructure shows a
t heCsMpon {( BMgBid.)sGt er mi €aAgeBELUr f ace with a f-or mat
4.22 éV/mendi ated by frmoetmalt ibbands twiotgrenaver age
and 3.f203-AgN anBRli ,N respectivel y, see Figudqie 5D
surface sites are pass@CMathadd fupdrmeirn@mred e di
CsAgBsLlr face may be effectively hindeNoede, trhes
already a si#@aNkrhaywt®e odufgf i ci ecAg Bt LU rcfoaveea ttch ea
extent, as we estimated from a toy model base
S14. Controll i fCgNactchres ewgtu% nof ygresul ts 1ilmatan
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bal ances efficient charge separation and <car.

catalytic sites, thereby maximizing the hydro
a) , b)
: 2.86 eV
32TV 3.62¢V
4
~ o (H'/H,)
% 5- (+-)  (N/NHy)
2
s3]
6
7
s CsN,/
g= .
gGN oagpicl,  CASBICk

Figurae 5Band al iCg\a,medg B sl dg t(hN/ @AgBsiClt er fladtmed H

No/, Ns edox | evels as wel |l as thermodynami g tamdstihtea
chloride amaarcyy,xpMicitly visualized in the resp
vacuum | evel ; -ClNY CBmptBiskicizedf gce reporting the aver

Ag amrd ;Nc) | sodensity plot of the unocgrues pan sit alt
for electron -CNsaappd)nggsbdenbietyg pl ot oof tthhee nleogcaatlii:
chargeed rvesul ting i n 1Bhe dfi onemavtwioind &fe nd t Ag

Considering tstpgodatcei oh, NWe observe a aiffer

production, Figure 1c.-CilNgailtoinael liys s whfef ipcrieesnetn c

amounts sofCoMHi dering the band alignment, e |

C3AgBstCd t-GsMs. gAs potenti al active sites, we ¢cC:
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acanc@N4 nrgsulNdfiomrgnaitn o ener giTad |l @f SWh3 & he Vs
ood agreement witlf5"fhevinousogeuandivas.ancy i nt
nergy | evels within the band gap, tsaaesFtgone

V, TBekel e Emportantllye,vetltheof(On/i trogen vacanci e

T o 0 Q <

otent b/laNsH Ff@epo Nt ed by dashed | ine), suggesti ng
n the photofixation mechAgBkO®lt hpamtatdgtiirco

enhanced which we may attribute 2A@pBiifdea osvisgka rtie
At higéerescetskite concentrati odAgBslCitkalcye dempet
the el ectronCsNsgr ahbs MEtpirmg@ugt i on. This observa
delicate balance required for opti mal perfornm

a fine tuning of the heterostructure composit

3. CONCLUSI ONS

CeAgBs/ @fsNahet erojunctions for hydrogen photoger

ammonia have Dbeen investigated through advar
model | i ng, ai ming at unveiling the mechanism
i nf ormatiomarogne tchaerri ed dynamics in the heter

perovskite amounts (best pzeprhfootrongiennge r @d mpaog i tt
excitations are AgmBfiClhlederoen ttthe rCsacti oen occ
situation is Agd8bE€hif gdNgd ocwon@sai ni ng systems (
compositions for nitrogen reductGNangswheset ol
enchanted. This finding suggests that active
the carbon nitride. The trend of DA signal as
trend of the two photocatalgyhow trkeatctti loesac DIFV
are of chl or icde atmhdacta ntchhee sc@shNvp | it hgnk® ©o a fav.
alignment at the interface, increases the | if
C2AgBsClThe positive effect of the heterojunc

photogeneration is however progr es-€iNvdeuey tloo sa
passivating cef Seach omkechhaei ¥tic insight correl
of t bAeg BG$Cd&LsNahet er oj unction and confirms the a
t hisaction. On the other hand, DFT calcul ati o
the active sites for nitrogen reduction. Here
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i s mostly rel ated t o I ts superior l i ght
CgeAgBsaGiounts progressively reduces the ammon
charge funneling towards perovskite active s

resul ts.

Overall, this study on photoactive heterojun
carbon nitride provides a detailed microscopi «
out the key role of the heter ostrreunctt up heo tcoocnaptc

reactions.
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4 EXPERI MENTAL SECTI ON

Sample Synthesis, Structural and Morphol ogica

Nanos he-€Nshag been synthesized freCaNst hvei thhul &k
pol ymerization of D pC(y=aNH)i N\eH@T \n, e AD QD i (chMH 9 9 %)
t her mal t r e atdf heurxt: thredaeriyngt of 1la AsCelmiont ed t emper
the isothermal step for 4 hours foll oWed Thhye c
synthesis was <carried out i n a partially <c¢lo
catalyst (nanosheets) was prepared by heating
i sothermal stepCiNabn @hr iAlgBh/dBladko sgh@&@M&«t e mgosi t e
has been synthesized dissol pirergua seroisalit e marg
99 %) ,3(Ril@Irich 99%) and CsCIl ( AN,dNii mért ©YI%) o i ma I
( DMF) and dried wunder vigorous stilling at 6
organic and inorganic salts and may be suitabl
composites series have been traegael i aked t o & ameir
(GAgBpCland the nGMOgiNerest)s g he compossAgBiSCI 10 (
90% 2gBB-CD %-CgNa, 80 ¥Ag@Bss-Z0 %-CalNans, 509 BBsED %- g
CsNan s, 3 QAg BGSCT D %-CgNan s 10Rg BBsE&D %-CadNans. The <cry:
structure of the samples has been-rallaradd toer iX:
acquired with Bruker D2 diffractometer. DRS s
30800 nm directly on the -pé6@dempsmoblwpwoediemg &gl
with an integrati-ag2phkRirer ddtascot WwiS¥! charac
was made ustiaegolauthicghni ng el ectron microscope
operated at 25 kV.

Hydrogen Evolution Experiments

H2 evolution experiments were conducted in 37% HCI-50% H3PO:2 (5:1, v/v) solutions
(concentrated acids were from Aldrich) irradiated in Pyrex glass containers (36 mL capacity,
24 mL sample). After addition of the catalyst (1 g L), the sample was deoxygenated by Ar
bubbling (20 min) to obtain anoxic conditions and irradiated under magnetic stirring for 4
hours. Chloroplatinic acid (H2PtCls, 38% Pt basis) was added as precursor for metallic Pt
(Aldrich). Since Pt is in situ photodeposited on the catalyst surface, after Ar bubbling a small
volume from a 14 g L' H2PtCls aqueous solution was added by a 10-100 pL micropipette to
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the catalyst suspension, corresponding to 3% w/w Pt. Each photoreactor was closed with
sleeve stopper septa and irradiated, as described in the following, achieving simultaneous
Pt deposition and Hz production. >8]

Irradiation was performed under simulated solar light (1500 W Xenon lamp, 300-800 nm)
using a Solar Box 1500e (CO.FO.ME.GRA S.r.l., Milan, Italy) set at a power factor 500 W
m=2, and equipped with UV outdoor filter made of IR-treated soda lime glass. Triplicate
photoproduction experiments were done on all samples. The headspace evolved gas was
guantified by gas chromatography coupled with thermal conductivity detection (GC-TCD),
as detailed in previous work.® The results obtained in terms of Hz evolution rate (HER) are
expressed in the paper as umol of gas per gram of catalyst per hour (umole gt h?). The
kinetics of Hz formation, studied for the best performing composite through duplicate
experiments, is reported in Figure S16. The photon flux, measured as previously reported[6%,
was 1.53 3 107 photons moles s. The apparent quantum yield (AQY), calculated as the
percent ratio H2 moles/incident photons moles®®, was 2.3% for the composite giving the
highest Hz evolution.

Nitrogen Photofixation Experiments

N2ophotofixation experiments were conducted it
met hanol (Aldrich, 099.9%) irradiated in Pyre
sample). After addit it)oon tofe tshaeemmxlaa ad wsspe n Di. dn
byN2bubbling (45 min) to obtain a saturated so

stirring for 3 hours maintaining the temperat

of 1 ®Rtwdat al yst, the same:PPCKB8E8POPLabiBi 6) awha:
as precumestoarl Ificr Pt (Al drich). The quantifica:
selective electrode, as reported bel ow.

Ammonia Determinati on

The Ther mo Scientifioc Orion Ammoni a |l on Sel e

measures ammonia ions in aqueous solutions qu

The ammonia | SE uses-pear nteyadrl cep hneebmbcr aghaes whi ¢ h
sample solution from the electrode filling so

does not penetrate the hol es, whereas the di
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di ffuses through the membrane until the parti
sides of the membrane. I n any sample the part

concentration.

Daily freshl y4%t rfirdeies toifl |veodl antaitleer ami nes t hat

measurement s, was used for al | standards and
samples was adjusted above 11 with a strong b
unchargevd MR am) . Standard solutions and sampl
about the same | evel of il ons and dissolved s

membr ane but can change the solaubiclonpyl eoxfe samm

met als are removed in the form of hydroxide c¢
Al | measurements were performed in a beaker w
a uniform and moderate rate, under controll ed

can cause a change of the sl ope ancdc.mat, e rcteiraln
or cardboard, was placed between the magnet.

measur ement errors from transfer of heat t o s

I n details, | SE was i mmersed in the solution
v/ v MeOH) wuntil a stable potential value (mV)
guanti fication, a calibration curval wasr @aadrl c
against the Log Concentration, t-64wv@0 imVy) .t hTeh ¢
ammonia concentration in the sample was furt
Figure S17 reports an example B méa'mepc ®)lH br a
The influence of different parameters was ca

interferences on the quantification of ammoni
not affect the I SE quantificatimentasoarxpet h mt
and -fnioltt ered samples obtainingomoentspgnidddsph
Therefore, the final met hod was applied to no
or c¢cl oudy stod uan oonvse rleesatdismahcent obti be NH spec
assays. The effect of met hanol , -pusceddicas, saar
formal dehyde and formic aci d, wa s eval uat ec
Accordingly, standar d s cslentcieo nosf wWeerOeH prne ptahree o
v/ v, HCHO in theldanfehm@Indilf omgmilc acid 0. 001
respectivel y. The sl ope of each curve was <co
water, acbigwihgcrmaot!|ly different values (p <
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colorimetric Nessl er 6s reagent met hod, met h

overesti mat goomn codn ttSrhaed itHnher ei n experi mentally

Ag and Bi leaching tests

The | eaching tests were performed by dispersi
under magnetihc. sTthiernr itnhge fsours pdensi on was filter
and the amount of Ag and Bi {OESsoladttieon awa i d ¢
v/ v ultrapure pAgiBsCdravis#) t eThesQsted stabl e,
for Ag and < 0.05 % for Bi. As silver could i
were also perf oCNie @A @BbEdd mMp otshiet egs, hi ghl i ghti
release (< 0.9 %) also for the best prmartfiommir

further confirmed by | SE measurements, in NaO

Ultrafast spectroscopy measurements

Differential Transmission (DT) measurements w
a pump and probe configuraiiCoherdnt pappefhsi ver
pul ses at 800nm with 1kHz repetitionmpatédéiies
( TOPAS ght Conversion) to get pulses at the <ch

measurement is performed with two different ¢
range:
m Helios (Ultrafast Systems) with optical de

supercontinuum white probe pulses are deri
Sapphire crystal,-ptshuesal lueawiomg for sub
m EOS (ultrafast Systems) with digitally con

probe pul ses generated by means of a fibre

DT transmitted and reference spectra are col
CMOS detector s, in differential configuration
which is first sonicated for -ird tmhindukz ecgwaare t t ¢
The concentration of the composites is the sal
i.e. 1g/L in the case of BEMRotamfdi Watbigdr.. i n t h
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Density functional theory calculations
Computational Det ail s

Density functional theory (DFT) c¢ &bkAqBbaldidons
g-CsNaphases, the interface, and defect in the
optimized using t he CP2K softwar e -cpoarcrkea gaet i C
functamwmdhalby i ncD3iddingp OrFsTi olfé*Eor-CMct wenempl oy
orthorhombic 21 2aEZ. 98pk2 ¢&FE6. 7 tfkAg BCksClwe use
the cubic apbraxdd .(Hift-KHhl all cases, geometry opt
out attpotima of the Brillouin Zdetkut tWer u(s@TdH)t hr
conserving pseudopotent izaeltsa aGadu sMO la@P TF &ldeo b | s
auxiliary density matrix method has been usecq«
PBEO furnétli onal

To refine the defect formation energies and t
DFT calculations were carried out wusing the h
orbit coupling (SOC) corrections antumeEsprtriem
softwar el 95hccrkeaegnei.ng of t he f r accft itobdeg BESClexvax t ¢
best agreemenltEOat8ilda hvadlhiee exfper isnheormtna li nv Allalbd =,
calcul ations wer@&pcaciantr i cefd toluda Barti Itlhceui n zone,
rel ati visti c wistehu deolpeoctternotnisalfsr om ClI 5s, 5p; Cc
Bi 6s, 6p, 5d shell swaexpl basi bysehckutdedf sPF a
the wave functions and the Fock grid of 40 anc

corcte ons were accounted for using the D3 sche

Defect formation energi es ( DFEs) and ther mo

calcul ated within the supercell approach foll
$&8 08 ODPOEOMNEIN* n- - Eq (1)

$&80 W™ $&B O M
oA

- NMee Eq (2)
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whekEef is the energy of the superceH pprwisthne¢
the energy of deéeptriwveée)nnasudi@aoeecltlhe number é
chemical potentials of the speci dissi adtdked wval s
band energy of tif&hpriwetner mysoemEq (1) repr
the exchange electrons withk)the Fermi |level o

Model setup

Firstly, we optimi zedCsNshei pgi atB8Br2 KBiugpemce el EQ 3
The monol ayer was cut along the (001) directi
added perpendicul ar to the monol ayer to pre
Similarly, we optimize a sl abAgBe€di mg a hzl A
plane supercell, with (001) direction, and ad
periodic i mages. Two different sur f aAcgeB 5:tICé r mi
( AgBd.)sGand Cs CHi,g Sieéb.

Chloride Vacancies in CABC

Consi deri nAgBtid weCs speci fically i nvestigate
( AgBid.)sGt er mi nated surface. The vacancy was st a
and its presegoefdcdnnby altesAgBe Cllaptotni caed dsitt

of electrons, we obseriBe dhmeformatiber oatutin:
shows a distance of 2.82 |, while in the nega
2. 75 i, BihgowmeTih$®llt her modynamic ionization | eV

(¥Y transitions are 1.76 eV and 1.69 eV above
indicating a deep trap stsaetee Taashs cAcsi$dtitegdd! wii nt ht
main text of our research, this specific defe

forpHoducti on.

We further i1 nvestigadien tthipegEesCmhe f ageotupbhei Yc
SOC corrections, as SOC could potentially de
known for-halhiedel empdlf"e sbhptémi ze the struwcture
vacancy using PBE+SOC within the Quantum Espr
the PBEO and PBE+SOC optimized strdct di en®@r s u g
bond |l engths onlyFslguglkt BEdsarwenganseenfi den

structur al properties despite neglecting SOC.
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Sedt ftapped excitons

We i nvestfiogramaet itehne aogpfp esde lefx ci t ons ( STEs) wupon |

summari zes the STE formation mechanism. Optim
the PBEO functional, results in the |l ocali zé
| ocattiian of theSlkdmcdnmrint Klohins accomp&£hi dodnhdy
l engths from 2.7 | to above 3.0 |, -Shaen birdune

|l ocalized within str-@hglbyndbortfen2ed3 ajx,ih@&d eeAg
calcul ated emission signal i's of 1.46 eV whi l
Table S3. Note that halide vacancies tln&kgpiyng:
of excitons is key to observe abrlcecad ceomitssgibaurt if

or by recombination from halfi’de’2?vacancies is

|l nterface Model

Finally, we model t hgeC:NiszahdnrAgaBsdCdb ggtawene n ntsh e ht

structur al and electronic modificationsgupon
CsNsand 2AgsBs &l cely matcha di oagt itdre, while the
substanti al di fferences in the | @@MNil @agg ecomd toa

t hedibrecti on and passivate wunder cooFridgiunraet edl 3N
Thi s ensures ma x i mal coverage withowiCsN4 ntr o
Considering the ewecbbbaino prbpedtgap, of- 3. 22
C3sNg, which is in excellent a-@giNemnomeonlta weart h( 3.hde
passivated both surfaces in th@&Wuuwpayevski We $in
performed single point calcul at iCeAgBRa&ENIitfhfeer
g-CsNg, as well as for diffefCllnt Shanmitdz ovmgt dIr oanl it dn
configuration, geometry optimizati on was p e
heterostructure wi-#h2a B WVhLdonhonkgi negn ecrlgoys eorf at t h
that each undercoordinated surf ace Fmeguarle |iS1In3
and Figure 5b of the manksguirps)sdBTha DOPesh.
alignment with gGMmb¥Bowntdh€Boakts of the perov

The | arge binding energy presents an interest

drop iz2prtoldaucH i on rate when addi nggCsNu. sThoalels twiema
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t he surface coverage, we deri ve a simpl e t
considerati dnsg,ursehdcWet basisume cubi c 2AgaBsoClTlyest a
nanocrystal surf aée whreerae iLs rgeipvreens ebnyt s6 Lt he nan
g-CsNsi s modeled as 2D rectangul ar | ayer s, whi i
perovskite nanocubedsNsdalhleows vesn twod %c alf c gl at e
t heAQBstCd t-@sds, gas smowmgur eOnsrd4d4d system indi.
substanti al coverage of the nanocrystal sur f a
suggests that the passivation of the gBb&te
due to a smaiCiNs.amount of

Nitrogen VgCsBancies in

| n-Cai)\s, three nitrogen atoms can be removed to
bonded to three carbon atoms connecting three
to only two C atoms; andf NSm inngdirde eas threupctriaizriren

To determine the most stable state, we consi i
examined the various possible spin states. Oou
doubl et spin stateshown hien mbasbk!|l est&db.l e, as

We further determine the thermodynamic ioniz

calculating the negative charge state by addi
thermodynamic stability and for mat i chranahi ITiltLis
represent the redox potential associated with
defects consiy)ddrmracdisitthen(0/s found to be deep
S5. This implies that thecnirtomesgen ocadaneide s

band gap of the moRkRobayer SaG&stbkkowonohayer, a

of 3.4 eV was <calcul ated, significantly | arge
the reduction in dimensionality. To esti mate
DFEs and TIlLs «ofanalile s@GNsthrudadkegrs uypae r c el | at s ame

The obtained bulk band gap value of 2.9 eV c
showdfabhe B&fd&tLs remain deep in the band gap.

in energy.
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Figur.e a1 XRD pAwgBedgaiohsiCst he referlbhcXROuphtterr
CsAgBs/ClO%WsNgafter the photocatalytic run.

EHT = 10.00 kv ‘3’ . + EHT=1000kv Si
WD = 85mm . R WD=85mm |

Mag= 2500 KX 1pm o Mag= 2500 KX 1pm
o To= Dssimyfle )_| wam ! e To el H

Figur.e RBe2presentati ve AgBWMA:Mmaoenposi t @sg B @& %/ Qs
CsN4s1 0% best pceornipoorsmitnegs f @Amg BHIER%G/ICHN) 0CGs best perform
compositphdfioiox ati o €sAgBsdplurneanostiNet s g

105



Figur.e TSBBM i m@sden amfoscheet s.

Figur.&EDS4 el ement al AgBplh%PgG:Nsoom@Eesit e.
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Figur.e a6 Absorption spectra and b) TaAwdBs/Edbgt s f o1

system.
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Figure BB signal extracted at 630 nm for the so
production (1g/L). DT amplitude is reported on ti
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Tabl eB&rnld gap Af§gBif@der Cki f ferent functionals and fr
HSEO0O6 hybrid functional

Method Band Gap (eV)
PBE 1.83
HSEo6 (U = 0 2 43
HSEoO6 (U = 0 278
HSEO6 (U = 0 321
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Experimental 277

g-C3N, CsCl-term. (Ag sBij 5)Cl,-term.

Figurea)S1lOptimized str-Qsa ube Opt pmi zednedlAgBegiClr e
surfaces -avmd hwiGtB€)sGA@r mi nati on. Foll owing colours
Bi, purple; Ag, gray; Cs, green; Cl, orange.

Tabl eD&f2ect f or mat i=on0 em\erfgyr att he& e,h | at( AidBeie)s\Gcd c anc
terminated surface at the PBEO | evel of theory.

AgBi-terminated Cs2AgBiCls [Band gap = 2.81 eV]

DFE (eV) TILs (eV)
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Vert -0.60 (+/0) 1.76

Vel 1.15 (+/-) 1.69
Ver 2.75 (0/-) 1.60
dagipBEQ) = 2.753 A dagBipBE-SOC) = 2.751 A

Fi gur eOtlilmiczeetd M eft) hybrid PBEOwiltehv-SHFOBRCEH f ThbheeAg)
Bi dimer is highlighted and its bond I ength is ex
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Tabl eSe&I3. apped exciton formation: DFT results of t

we |l | as singlet and triplet state relaxation ener
see the Jablonski diagram in €hgmee S14a for the
Property Energy (eV)
Absorption 2.82
Emission 1.46
Singlet
_ 1.15
relaxation
Triplet
. 0.21
relaxation
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Figurea)Sl12abl onski diagram of the STE formation |
Sham orbitals of the STE in the triplet state. D
explicitly visualized in panel b.
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