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ABSTRACT

Porous ZnO/C nanocomposites derived from 3 differ&imc based metal-organic
frameworks (MOFs) including MOF-5, MOF-74 and ZIFv8ere prepared at high temperature
under water-steam atmosphere and their performancphlotocatalytic K evolution reaction
(HER) and photodegradation of organic dye polligamere evaluated. The formation
mechanism from MOF precursors, the structural ptegse morphologies, compositions and
textural properties of the derived ZnO/C compositese fully investigated based on different
characterization techniqgues and the correlationvéah the precursors and the derived
composites was discussed. It is evident that M@Eysors determine the crystalline structures,
doping profiles, thermal stabilities and metal @<xhrbon weight percentage ratios of the
resulting composites. The correlation between M@t their derived nanocomposites indicates
that different parameters play unalike roles in tpbatalytic performances. The desired
properties can be tuned by selecting appropriaté-@cursors. MOF-5 derived porous ZnO/C
nanocomposite not only exhibits the highest phdatdgc dye degradation activity under visible
light among these MOFs, but also outperforms thaeseved from MOF-74 and ZIF-8 up to 9
and 4 times in photocatalytic HER respectively.sT&iudy offers simple and environmentally
friendly approaches to further develop new homogaesly dispersed functional metal

oxide/carbon composites for various energy andrenment-related applications.



1. Introduction

In the past 15 years, Metal-Organic Frameworks (B)Ofave emerged as one of the
most exciting advanced materials due to their etmeal textural properties, high thermal
stabilities and a wide range of promising applmasi in gas storage and separation, carbon
capture, supercapacitors, sensing, catalysis aedygmpplications.[1-7] MOFs are constructed
by linking metal-containing secondary building snfEBU) with organic linkers through strong
coordination bonds (reticular synthesis) to fornghty porous crystalline framework.[8] In
particular, Zn and Ti based MOFs are consideredbeoexcellent materials for energy and
environmental applications such as fuel cells, pbatalytic degradation of toxic organic dyes in
industrial wastewater and as catalytic materials Hp evolution reactions (HER) and,O
evolution reactions (OER) in water splitting.[9-13pwever, many MOFs are not stable upon
interacting with water molecules. Moreover, theyibk wide energy band gaps which limit

their potential to replace conventional metal oxidaoparticles based photocatalysts.

On the other hand, the conventional metal oxidetquatalysts also face serious
limitations due to their low surface areas, agglatens of particles and inadequate active sites.
To overcome these challenges, researchers maketsetfo synthesize metal-oxide/carbon
composites, which may be highly efficient in phattadytic applications due to the potential to
tune the energy band gap of the composites.[14,Hib}ever, the physical and mechanical
mixing approaches do not produce a homogeneousbdisbn of metal oxides in a carbon
matrix. Therefore, poor interfacial contacts betweeetal-oxide and carbon result in meagre
photocatalytic performances of those compositeshénpast several years, metal-oxide/carbon
composites derived from MOFs emerged as a new igohnto obtain homogeneously
distributed metal oxide nanoparticles in a hightyrqus carbon matrix. The carbonization of
MOFs at high temperatures (above the Tamman temyperand below the boiling point of the
actual metal species from which a MOF is constdjcteder inert gaseous atmospheres (i.e. Ar,
N2) can generate metal oxide/carbon composites widlsireld topologies, controllable
morphologies and functionalities as well as tuneaiergy band gaps.[16-19] In 2012, [@as
al. found that if the MOFs consist of Co, Cu or Ni alebns with reduction potential of - 0.27 V
or higher, pure metal nanoparticles are formed w@adeination up to 900 °C in an inert (e.g») N

environment, whereas Zn, Mn, Mg, Cr or Al metalsomith reduction potential lower than -



0.27 V can combine with oxygen presented in the Bl@#fd form metal oxide nanoparticles in
the calcination process.[20] Meanwhile, amorphoardans formed from the carbonization of
organic linker during the pyrolysis process, whiehcapsulate the metal or metal oxide
nanoparticles and preserve the morphology of pard©Fs with high surface areas and pore

structures.

Water steam is regarded as a weak oxidizing aggantcean result in slow oxidation rate,
therefore the mild and fine controllable oxidatjgmocess in water vapor atmosphere during the
carbonization of MOFs at high temperatures will c@inpromise the structures and properties of
the target materials.[21, 22] This is especiallyetwwvhen water vapor is used as an oxidation
agent during the generation of porous carbon-nuoetidle composites since water vapor can react
with and oxidize the formed carbons at high temjpees to introduce hydrophilic functional
groups like -COOH on the surface of carbons, whimohy improve their photocatalytic

performance.[21, 22]

A number of studies have been reported on the Mi@Figed ZnO/C nanocomposites for
photocatalytic and photoelectrochemical &lolution. For example, Zn-based MOFs such as
MOF-5, MOF-74 and ZIF-8 can generate robust higfese area ZnO/C composites with cubic,
spherical and hexagonal morphologies respectivEhpose MOFs derived composites were
characterized by typical techniques and photoctitabpplications of these derivatives were
reported.[21, 23-27] However, there is no studylalke that explores the correlation between

MOF precursors and their derived ZnO/C composites.

It is of utmost importance to understand that htw transformation from MOFs to
ZnO/C takes place upon high-temperature calcindtioa certain gaseous atmosphere. During
the carbonization process, how does the MOF decsitipo lead to the formation of metal
oxide/carbon structures and what is the relatignletween those different ZnO/C composites
with their photocatalytic performance? In this emsstudy, we will try to address these
guestions via systemic investigation of the forwatof ZnO/C composites upon carbonization
of three different zinc based MOF precursors sicM@®F-5, MOF-74 and ZIF-8. Built on the
understanding of the role of crystal structures ammiphologies of the MOF precursors, in this
comparison study, we will correlate some primaryapgeters such as crystallinity of derived

composites, metal oxide and carbon compositionsgtsiral and textural properties, nitrogen (N)
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and carbon (C) doping, functionalities attachedtl@ surface of the composites and their
chemical properties, and understand their coniobuand role in photocatalytic performance of
these MOFs derived ZnO/C composites. Moreover, régmearch findings from this work

combined with a better understanding of the stmeeipplication relationship of the studied
materials will help to build up and select appraf®i precursors that can derive controllable

metal oxide/carbon composites with required progeffor specific applications.

2. Experimental

All the chemicals for the synthesis of MOF-5, M@&-and ZIF-8 were purchased from

Sigma-Aldrich and directly used without further ifigation.
2.1 Synthesis of MOF precursors

MOF-5 was synthesized at room temperature followanglightly modified literature
reported method.[28] Typically, 48 mM of Zn(NR6H,O and 24 mM of terephthalic acid
(H.BDC) combined with 19 mL of triethylamine (TEA) wadissolved in 450 mL of
dimethylformamide (DMF) in a 500 mL screw jar. Tim&ed solution was constantly stirred at
room temperature for 20 hours. Then the white prodvas collected by centrifugation after
washed twice with DMF to remove the undissolvedcsse The collected white powder was
further washed with chloroform twice and then imsasek in chloroform overnight. The obtained

product was dried in a vacuum oven at 80 °C ovétnig

MOF-74 was prepared as follows: with 3:1 molaraa®89 mM of Zn(NQ)»6H,0 and 13
mM of 2,5-dihydroxyterephthalic acid gBOBDC) were dissolved in 500 mL of DMF and 25
mL of distilled water. The mixed solution was pldda an oil bath at 110 °C for 20 hours upon
constant stirring. The greenish color product west fvashed with DMF twice to remove the
unreacted species, followed by washed with methamige, and then immersed in methanol
overnight.[28] The final product was collected Bntrifugation and dried in a vacuum oven at
70 °C overnight.

ZIF-8 was synthesized following a well-establislpgdcedure.[29] Typically, 16 mM of
Zn(NO3),6H,O and 800 mM of 2-methylimidazole were dissolved@® mL of distilled water.



The mixed solution was stirred at room temperatar€20 hours. The white ZIF-8 nanocrystals
were collected and washed with water three times.sblvent exchange, the white powder was
first washed with methanol twice and then immensedethanol overnight. The final product

was collected by centrifugation and dried in a wawwven at 70 °C overnight.
2.2 Preparation of MOF derived ZnO/C nanocomposites

ZnO/C nanocomposites were prepared by one-stepgtdig@bonization of precursors
MOF-5, MOF-74 and ZIF-8 under water-steam atmosphEypically, 1 g of the dried precursor
was loaded in an alumina boat and placed it acémeer of a flow-through quartz tube sitting in
a tube furnace. The furnace was set at a heatiegpfal0 °C/min to the target temperature 800
°C. The flow rate of argon gas was set at 30 ml/rénen the furnace temperature arrived at
800 °C, water vapors were introduced via argonfigas through a buffer bottle with water at
ambient temperature and maintained the furnacedastpe at 800 °C for 1 hour. Then the gas
flow was switched to argon only and the furnaceledaown to room temperature. The final
black products were collected from quartz tube awede named a&nO/Cyof-5, ZNO/CyoF-74
and ZnO/Cz g respectively. For comparison, a pure ZnO samplea asference was also
derived by calcination of MOF-5 precursor in air880 °C for 1 hour. This sample was labeled

asZnOair.

To investigate the photocatalytic contributions 4O nanoparticles and the porous
carbon matrix towards adsorption and photodegradaif MB, re-calcination of MOF-derived
compositesZnO/Cy ok, ZNO/Cyor-74 and ZnO/Cyz g was carried out in the air atmosphere.
Typically, 100 mg of each MOF-derived ZnO/C sampiags loaded into an alumina boat and
placed at the center of flow-through quartz tulténgj in a tube furnace. The furnace was set at 5
°C/min to the target temperature of 550 °C. The Mi&Fved ZnO/C samples were heated for 3
hours in air. Upon cooling to the room temperattine, samples were collected to measure the
photocatalytic dye degradation activity under Misilight. The obtained samples were named as

ZnOwoF-5, ZNOwor-74 andZnOgz kg respectively.

2.3 Material Characterizations



Powder X-ray diffraction (PXRD) patterns of presor MOFs and their derived
composites were recorded by employing Bruker D&tmsent with Cu K radiation (1.54 A)
(40 kV, 40 mA). The powder samples were preparegd anglass slide by gently pressing the
powder to smoothen the surface. The morphologiegheMOFs and derived composites were
characterized by scanning electron microscopy (SHEMitachi S3200N). High-resolution
images and elemental mapping of the as-preparedpbasites were carried out by using
transmission electron microscopy (TEM) (JEM 210B6&e200 KV) equipped with energy
dispersive X-ray spectroscopy (EDX). For SEM, pomskemples were spread on a carbon tape
and sputtered with a gold layer of 3 nm to avoidrging of samples. For TEM images and
elemental mapping, the samples were dispersedsolib ethanol under moderate sonication,
then pipetted a few drops onto a holey carbon Guai fgtlowed by the drying in air at 70 °C
overnight. Thermal stability of the composites #mel weight percentage (wt. %) of metal oxide-
carbon were measured by employing thermogravimetnalysis (TGA) TA SDT Q600
instrument. For typical TGA measurement, 5 mg ofhegample was put into an alumina
crucible and heated up to 810 °C with a heating cit10 °C/min under a constant air flow of
100 mL/min. To examine the nature of carbon andahwtide species, the Raman spectra were
recorded (WITec ALPHA300 R) in a range from 20 #@0@ cm by using 532 nm laser
excitation under 6 mW. Fourier-transform infraréd [R) spectra of the samples were recorded
with an Alpha Bruker system. To detect the peakevaér wavenumbers, a very small amount of
sample was mixed with pre-dried KBr powder withad.1:100 respectively and pressed in the
form of a pallet for the FTIR analysis. The X-rahopoelectron spectroscopy (XPS) was
performed using a Kratos AXIS ULTRA spectrometethmwa monochromated Al KR X-ray
source (1486.6 eV) operated at 10 mA emission stiaed 15 kV anode potential. The analysis
chamber pressure was better than the 1:3%b@r. The take-off angle for the photoelectron
analyzer was 90° and the acceptance angle wasT8&0talculate the absorption bands and
energy band gaps of ZnO/C nanocomposites, UV-Visogdtion spectra were acquired by
employing a Shimadzu UV-3600 Plus UV-VIS-NIR speptriotometer. The specific surface
areas (SSA) and the pore size distributions (PSDdhe@ composites were measured by N
sorption at -196 °C on a Quantachrome Autosorb-#3 gorptometer via the conventional
volumetric technique. Before the surface area amglyhe samples were degassed at 200 °C for



3 hours under vacuum. The pore size distributiors \@atermined using non-local density

functional theory (NLDFT) method for slit/cylindpores.

2.4 Evaluation of photodegradation and photocatalytic activity

The photodegradation of organic dye methylene YMB) by MOF derived ZnO/C
composites was measured under visible light irtaatia The visible light source was provided
by 8 lamps (each 20 W) with a light intensity ofol®\W/cnf (PerfectLight, 320 nm< A <
780 nm). Typically, 10 mg of black ZnO/C compositas added into 50 mL (20 ppm) aqueous
MB solution. After different time intervals, 1 mliguots were taken and the concentration of
MB was determined by the UV-vis absorption specinpy. The subsequent photodegradation
(D) of MB in aqueous solution (%) was calculatederms of the decrease in final (C) and initial

(Co) concentrations.

Hydrogen evolution reaction (HER) of as-synthesiZe®/C composites was measured.
Prior to the measurement, the powder samples weesaonicated for 30 minutes to break down
any large particles. For each measurement, 25 nsample was added into 111 mL of 35 %
aqueous methanol ¢B/MeOH) solution. The solution was kept in a 116 wassel (sealed with
rubber stopper) with 5 mL dead space to collectebalved H gas. The solution was purged
with argon gas for 30 minutes using needles upornngt. Then the vessel was placed in front of
the solar simulator under constant stirring forodits. A sample of evolved gas was taken every
hour using a syringe needle and manually injectéd the GC to evaluate the amount of H
produced. The amount of evolved gas was recorded in p¥®y GC and then converted into

pmol/g.

3. Resultsand discussion
3.1 Characterizations of ZnO/C composites

The powder X-ray diffraction (PXRD) patterns of @sithesized MOF-5, MOF-74 and
ZIF-8 are shown in Fig. 1la. The main peaks appeatrédl of 6.7°, 9.6° and 13.6° for MOF-5, at
6.7° and 11.7° for MOF-74 and at 7.9°, 11.9° an@°lér ZIF-8, confirm the formation of well
crystalline structures.[23-25] MOF-5 and MOF-74 ided composites show main peaks of



crystalline ZnO at @ of 31.7°, 34.4° and 36.2° in their PXRD pattemabich corresponds to
(100), (200) and (101) of wurtzite ZnO. However,si®wn in Fig. 1b, no peaks of ZnO are
observed in ZIF-8 derivednO/Cyr.s. The absence of ZnO peaks might be due to the poor
crystallinity of fine ZnO nanoparticles which ar@rdely embedded in formed porous carbon
matrix. However, a broad peak observed at aroénaof 24° and a very low intensity bump @t 2
of 44° which can be indexed to (002) and (101)avbon, indicate the formation of amorphous
carbon upon decomposition of the organic linkeredéhlow intensity broad peaks of carbons are
suppressed in sampl&snO/Cyors andZnO/Cyor-74 due to the relatively high intensity peaks
of ZnO nanoparticles. The presence of carbon ithalderived composites is confirmed by TGA,
XPS and Raman (as shown below). The amplified redloset in Fig. 1b) shows that the
relative intensity and the location of the main XiR€ak at 2 of 36.24° in sampleZnO/Cyior-5

and ZnO/Cyor.74 are almost identical, indicating the formationsahilar crystalline structures
of ZnO nanoparticles upon carbonization of MOF-5 &dOF-74 at 800 °C in water vapor
saturated argon. The PXRD patterns of ZnO derivech IMOF-5 in the air4nOaj) exhibited
highly crystalline wurtzite ZnO structures with mapeak (101) appearing ab &f 36.24°, as
presented in Fig. S1a of the Supplementary Data.

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

(110)

(103) (112)
L (200)

l
LwAl lllh_.h

5 10 15 20 25 30 15 20 30 40 50 60 70

Fig. 1 PXRD patterns of (a) as-synthesized MOFs and (bpc@amposites ZnO/C obtained at
800 °C under water vapors saturated argon atmosphOF-5 and ZnO/Cyors are
represented in blachM OF-74 and ZnO/Cyor.74 in red whileZIF-8 and ZnO/Cgz g in blue
respectively. Miller indices of the lattice planeflections of the wurtzite ZnO are presented in
brackets. The inset in Fig. 1b is the amplified EXpattern of ZnO peak (101).
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The PXRD patterns of samplednOyor-s, ZNOnor72 and ZnOgzkg, Which were
obtained after re-calcination of sampl&sO/Cy or-s, ZNO/Cypor-74 andZnO/Cz kg in air at 550
°C for 3 hours, were recorded. As shown in Fig Sflsupplementary Data, the main PXRD
peak is shifted fromof 36.24° ZnO,ir) to 36.17°, 36.19° and 36.06° OnOyoF-5, ZNOmok-
74 andZnOgz kg respectivelyThe highlighted peaks &nOyor.s andZnOyor.74 (Inset in Fig.
S1b of Supplementary Data) also show a shouldds @earound @ of 36.24°. The shift of peaks
toward lower B suggests a larger d-spacing (confirmed by HRTEM)jch indicates the
deformations in the crystal structure due to thgirlp of C atoms into the ZnO crystal lattice. It
is interesting to observe thahOgz g obtained from the re-calcination 8hO/Cz g at 550 °C
under air atmosphere shows relatively lower intgnsith much broader peaks, suggesting that
ZIF-8 derived ZnOgz kg nanoparticles are poorly crystalline. This pooystallinity of ZnO
nanopatrticles in ZIF-8 derived composites mightdoe to the fact that ZnO nanopatrticles are
encapsulated in nitrogen-rich amorphous carbonschwis formed during pyrolysis at high
temperature since no accessible oxygen speciesvai@ble for Zn atoms to crystalize as ZnO
nanoparticles. Moreover, the broader PXRD peakdn@;r.s with low intensity may be likely
due to the co-doping of C and N heteroatoms int® Zmystal lattice that results in the local
strain in ZnO nanoparticles, which leads to thegase of the spacing between lattice fringes of
ZnO (shown in Fig. S1). In addition, as shown ig.F52 of Supplementary Data, samples
ZnO/Cyor-5, ZNO/Cyor-74 andZnO/Cz kg show clearly black color due to the presence of a
large amount of carbon species. However, re-caiocimaf the MOF-derived ZnO/C results in
ZnOwmor-s, ZNOnor-74 and ZnOgz kg which show lighter color like grey, light grey amdhite
respectively.The variation in colors of these ZnO nanopartidb&ined from re-calcination of
MOF-derived ZnO/C composites suggest the dopingnofe C inZnOyors and ZNOyor.74
whereas much less doping level of C but more Kn®z¢.s.

TGA was carried out under air flow (Fig. 2) to detene the thermal stabilities as well as
the amount (wt. %) of metal oxide and carbon presethe precursor MOFs and their derived
composites. Since the as-synthesized MOF-5, MORd ZIF-8 were obtained by washing
with a solvent (such as DMF), followed by solvertlgange to remove the washing solvent, the
first weight loss between 100 and 200 °C for MOfr<Fig. 2a is due to the removal of the
residual solvent. As shown in the inset to Figéfeer drying at 70 °C overnight, there was 2.5 %
chloroform and 4.5 % DMF left in the pores of MOFi6 MOF-74, almost all the DMF was
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exchanged with methanol, which evaporated (7 wtb&pw 100 °C. However, ZIF-8 showed

only 2 wt. % weight loss around 150 °C due to #moval of the residual DMF in the pores.

Ha b

100—( ) - __100 ( )\ .
& g0 T E g0 ﬁ \ |
g 1 J g’ 100 17 wt%
g 80 s .‘g 80, 24 wt%
g 704" Y 70w
& a0l o
o 60 2 60 "%
E 1 50 100 150 200 0, E
) 50 4 50.6 Wt% =) 50 ZnoJ/C
(3 —— MOEF-5 51 wt% o MOF-5
; 40 — MOF-74 2 wt% ; 40 ZI’]O/CMOF_74

301 —ZIF-8 30 ZnOIC, . 69 Wt%

25 100 200 300 400 500 600 700 800 25 100 200 300 400 500 600 700 800
Temperature / °C Temperature / °C

Fig. 2 TGA profiles of (a) MOFs and (b) derived compositégained at 800C under water
vapors saturated argon atmosph&t@F-5 andZnO/Cy ors are represented in blad,OF-74
andZnO/Cyor.74 in red whileZl F-8 andZnO/Cz g in blue respectively.

The second major weight loss in MOFs precursoriisessed due to the decomposition
of the organic linker molecules and the evaporatiboarbon (and nitrogen in ZIF-8) species in
the form of CQ and NQ. The weight loss is 50.6 % for MOF-5 at 400 °C % Ior MOF-74 at
250 °C whereas 62 % for ZIF-8 at 350 °C respegtivEhe TGA profile indicates that among
these MOFs, MOF-5 is thermally more stable with4wit. % of ZnO content, whereas MOF-74
is thermally least stable with residual 42 wt. %Z0fO content and ZIF-8 showed relatively
moderate thermal stability with 35.8 wt. % ZnO @nit[21, 25, 30]

The ZnO/C composites derived from different MOFsndastrated interesting TGA
profiles under air flow. As shown in Fig. 2b, dilese compositeZnO/Cyor.s, ZNO/CyoF-74
and ZnO/Czr.g show less than 2 % weight loss at a temperatul@vb200 °C due to the
removal of adsorbed moisture. Moreov&nO/Cyor.s Showed a steep weight loss of 17 wt. % at
540 °C leaving 83 wt. % of ZnO nanoparticles, while composit&ZnO/Cy or-74 exhibited a
weight loss of 24 wt. % at 520 °C. The remainingcsgs were ZnO nanoparticles (74.5 wt. %)
as confirmed by XRD. However, tl#nO/Cz r.sdemonstrated the highest weight loss of 69 wt.
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% in two steps at 380 °C and 540 °C, maybe duketwemoval of nitrogen and carbon species
respectively. The residual species were ZnO natiofes (29 wt. %) as confirmed by XRD and
XPS. In addition, no weight loss was observed irATi@easurement aZnOa,;;, indicating that

pure ZnO is obtained under the air atmosphere (showig. S3 in Supplementary Data).

As XRD and TGA confirm that different content of @rand carbon are obtained upon
carbonization of MOFs, the correlation between MQdfscursor and the derived ZnO/C
composites can be understood through the moleattactures of secondary building units
(SBUs) that are the molecular cluster of zinc iand organic linkers which constitute a MOF.
As shown in Fig. 3a, MOF-5 is constituted of SBUseve the Zn@tetrahedra make a tetramer
cluster of ZpO(CQO,)s linked through six bidentate linear benzene-1gixioxylate (GH4O4)
linkers from the ligand arranging in a cubic geamsat order.[8, 28] Upon carbonization of
MOF-5 at higher temperatures (above 400 °C) undénext atmosphere, thermal decomposition
of MOF-5 takes place due to the breaking of carboxyridges between zZ@ cluster and
benzene rings of the organic linkers. As reportge@lbanget al., the collapse of frameworks of
MOF-5 could follow three types of the partial breekof carboxylic bridges(1l) Zn-O bond
between a carboxylic group andsncluster,(2) C-O bond of a carboxylic group ai(@) C-C
bond between the benzene ring and carboxylic gf@@jpFurthermore, the TGA, XRD, FTIR
and Raman spectra confirmed this decomposition aresim where a high wt. % of ZnO (83 %
in ZnO/Cyok-5) is found in the composites.

The molecular structure of MOF-74 is based on doatdd carboxyl (-COOH) and
hydroxy (-OH) groups. Helical Zn-O-C rods are fahted from 6-coordinated Zn(ll) centers,
where each Zn has three carboxyl groups. Additign#iere are two doubly bridged hydroxy
groups bound. As shown in Fig. 3b, the helical rodsrganic SBU ZgO3(C0O,)3)-) are linked
together via the benzene rings of 2,5-dihydroxykeezl,4-dicarboxylate (DHBDC) to form a
crystalline 3D honeycomb structure of pf@GgH,O¢] with one-dimensional hexagonal pore
channels.[31] Julied al. reported that the decomposition of MOF-74 takes@l(above 200
°C) with 50 % weight loss (wt. %) due to the reéea$ CQ species, leaving behind pure ZnO
nanoparticles which is in agreement well with o@A results shown in Fig. 2a.[23] Based on
these experimental results, the proposed deconmositechanism for MOF-74 can be occurred
via three types of carboxylic and hydroxyl bond akieg: (1) Zn-O bond between

12



carboxyl/hydroxyl groups and Zr@ctahedral clustef2) C-O bond of carboxyl group ar(8)
C-C bond between benzene ring and carboxyl/hydrgsgip. Similar to MOF-5, the release of
CO, during exothermal decomposition of MOF-74 suggdsiat the predominantly bond
breaking takes place at positioch&nd3. As confirmed by TGA and XRD results, a signifitan
amount (74.5 wt.%) of well crystalline ZnO nanopdes enveloped by carbons was formed at
800 °C under water vapors saturated atmospherergtdined morphology, which may suggest
that the partial breaking of C-O bonds takes pktcgosition2 with majority of bonds break at
positionsl and3.

Fig. 3 The SBUs of Zn ions and organic linkers in crystalictures of (a) MOF-5 (b) MOF-74
and (c) ZIF-8 and the proposed decomposition masirenl, 2 and 3.

Fig. 3c shows the crystal structure of ZIF-8 witlglite topology. Analogous to zeolites,
Zn*? jons in ZIF-8 are coordinated to four nitrogenrasoof imidazole ligands forming the
Zn(C4HsN),. Jamest al. reported that carbonization of ZIF-8 at 300 °Cermargon atmosphere
leads to the decomposition/disordering of methylougs and imidazole ring-ring
interactions.[32] Xuet al. confirmed the decomposition of ZIF-8 under air gdlerough three

steps: 1) displacement of methyl groups around ZDOwithout collapse of framework but
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thermal expansion is the main change to the ZIBt8ce; 2) further thermal expansion and
dislodgement of methyl groups above 300 °C, andllfin3) collapse of ZIF-8 framework at
temperatures higher than 350 °C, and transform&i@mnO at above 400 °C in air.[33] Based on
these observations, three types of bond breakirggpa@ssible(1) CHs-C detachment(2) Zn-N
bond,(3) C=N bond of the imidazole ring.[34] These repontesults are in good agreement with
our experimental results.[21] Compared to compssiEnO/Cyors and ZnO/Cyor-7a,
compositeZnO/Cyz g contains relatively low wt. % (35.8 %) of ZnO, whimay due to the fact
that most of the oxidative interactions occur atthylke substituents of imidazole ligand.
Moreover, the lower stoichiometric ZnO nanopartid@mation can be attributed to the
deficiency of oxygen and Zhions in precursor ZIF-8 [Zn(EsN,),] . The TGA, PXRD and
XPS results reported here are in good agreemehtthe previously published reports.[21, 24,
33, 34]

The chemical states and elemental compositionZm®/Cyors, ZNO/Cyor.74 and
ZnO/Cz kg were investigated by XPS. The elemental surveysh(Fig. 4a) that Zn, O and C
in all samples are presented. However, a stronkg @l is observed iZnO/Cyz g sample. Fig.
4b (highlighted in inset) shows that the intensafyZn 2p, peak is lowest irZnO/Cz ks,
moderate inZnOyor.74 but highest iZnOyor.s. As confirmed by TGA, it is due to the ZnO
content in these sampleBnO/Cyor-5 > ZNO/Cyor74 > ZNO/Cz k5. Moreover, the Zn 2p
peak appeared at 1022.1, 1021.9 and 1021.4 e¥rfoVCy of-5, ZNO/Cpor-74, aNdZNnO/Cyzik.g
respectively. This slight difference in Zns2peaks may be due to the different crystallinitg an
oxygen-related defects present in ZnO nanoparticlas ZnO/Cyors and ZnO/Cyor-74
composites carbon is doped in Zn-O crystal latticmating an energy level above the valence
band whereas iEnO/Cz g C and N can be co-doped into the Zn-O crystatktThe presence
of Zn-N bond inZnO/Cgz s indicates that the N dopants are incorporated ait€3.[24] In all
three composites, the binding energy differencevéen Zn 2p, and Zn 2py, is observed 23 eV,

confirming the presence of Znions.
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Fig. 4 XPS spectra of (a) elemental survey (b) Zn 2p0ds (d) C 1s (e) N1s fa&nO/Cyor-s
(black) andZnO/Cyor.74(red) andZnO/Cz kg (blue).

It is evident from the XPS spectra of O 1s (Fig) #hat the relative intensities of Ols
peaks are in good agreement with Zry;2peaks inZnO/Cyor.5, ZNO/Cpor-74, ZNO/Cz k8.

15



Upon deconvolution O 1s spectra DhO/Cyor-5, ZNO/Cyor-74 andZnO/Cyz ks, three peaks
appear at around 531.2, 531.8 and 533.3 eV. Theskspran be assigned t& @ns of Zn-O
bonds, oxygen vacancies g and/or Zn-O-C bonds due to carbon doping intdXZlattice and
the surface adsorbed hydroxyl (-OH) and carbon@t®©{C=0) species respectively. Since the
XPS peaks of @; and C-dopant are heavily overlapped, it is diffido distinguish them.[24,
35, 36] The relative intensity of 533.3 eV peak 4mO/Cyors is higher compared to
ZnO/Cyor-74 andZnO/Cy kg, indicating the higher concentration of carboxyhdtional groups
(-COOH) attached to the surface of the materialiciwhs also confirmed by FTIR spectra.
Additionally, the lower intensity and broader OIsnbined with the blue shifted Zn Zppeaks
of ZnO/Cy kg indicate that nitrogen might be co-doped alondlite C-dopant in Zn-O lattice.
As shown in Fig. 4e, a high intensity peak of Nai898.3 eV is attributed to O-Zn-N, indicating
that N might be incorporated into ZnO nanopartice® sites.[24] Two low intensity shoulder
peaks at 400.28 and 401.98 eV can be assignedt&b miteide and NQ species respectively. No

peaks of N 1s were detecteddnO/Cyor-s andZnO/Cy oF-7a.

As shown in Fig. 4d, the main C 1s peak in sanfi®/Cyor.s, ZnO/Cyor-74 and
ZnOICy kg appears at around 284.3 eV, which is assigned © fare graphitic spbonding.
The fitted peak at 285.76 eV #nO/Cy o5 and at 285.35 eV idnO/Cyor.74 andZnO/Cz k-s
samples corresponds to Zn-O-C bond. A low intensibader peak positioned at 288.83 eV in
ZnO/Cyor-s is assigned to carboxyl functional groups (O-C=D)is peak showed very low
intensity inZnO/Cy or.74 Which indicates that there are less surface addmspecies present in
composites. However, iIAn0O/Cz kg a fitted broad peak positioned at 287.5 eV idkatted to
C-N/C=0 bond.[34, 36] Combined with other charaetgions such as TGA and XRD, the XPS
analysis results help to find the nature of crystal structures of MOF derived ZnO/C
composites and suggested that Zm®©/Cyor.s andZnO/Cyor.74 are C-doped ZnO composites
with carboxylic (~COOH) functional groups attach@dthe surface of the composite. However,
theZnO/Cz kg is an N and C co-doped ZnO/C composite with aigdxg amount of carboxyl

functional groups attached.

The morphologies of the precursor MOFs and derivBd@/C composites were
investigated by SEM. As shown in Fig. 5, the SEM@g®s clearly confirm that the morphologies
of the MOF-5, MOF-74 and ZIF-8 are preserve@mO/Cyof-s, ZNO/Cyor.724 andZnO/Cz kg
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composites derived at 800 °C in water vapors dsairargon. The sizes and shapes of the
synthesized precursor MOFs critically depend ugun gynthesis parameters. From the SEM
images in Fig. 5, the cubic crystals of MOF-5 ardhe range of 1 um whereas the spherical
shaped crystals of MOF-74 are around 500 nm. Theocrgstals of ZIF-8 with regular
hexagonal shape (confirmed by low magnification TEve below 100 nm. As discussed above,
carbonization of MOF-5 at high temperature (abo086 2C) in an inert atmosphere causes the
partial breaking of Zn-O, C-O and C-C bonds leadmghe shrunk crystals with minor cracked
surfaces as shown in Fig. 5a and d. Similarly, M@Fand ZIF-8 also preserved their
morphologies with slightly cracked surfaces showrFig. 5e and f respectively. To determine
the morphology and structural stability of these M@erived ZnO/C composites after subject to
photocatalytic dye degradation tests, the SEM imagé used and driedZnO/Cyofs,
ZnO/Cyor-74 andZnO/Cy g Ssamples were also recorded and presented in &ig, B and c of
Supplementary Data, respectively. It confirms that morphologies of these ZnO/C composites
remain unaffected after photocatalytic dye degiadat

Fig. 5 SEM micrographs of (a) MOF-5, (b) MOF-74 and (d)-8 and(d) ZnO/Cyoks, (€)
ZnO/Cpmor-74 and (f)ZnO/Cyz kg respectively.
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0.35 nm
Graphitic carbon

Flg 6 HRTEM micrographs of (a, bZnO/CMOF.s, (C, d)ZnO/CMOF-74 and (e, f)ZI"IO/Cz”:-s,

respectively.

To further investigate the crystal structures amstribution of ZnO in the carbon matrix,
TEM and EDX elemental mapping were employed. Figh@ws the TEM images @nO/Cyor-
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5, ZNO/Cyor.74andZn0O/Cz r.gcomposites. From Fig. 6a, ¢ and e, it is clear dfidhree MOFs
derivatives exhibit homogeneously distributed Zn&haparticles with sizes less than 10 nm
embedded in a porous carbon matrix without agglati@rs. The d-spacings between the lattice
fringes of ZnO in the different ZnO/C composites & seen from Fig. 6b, d and f respectively.
The d-spacing between lattice fringes of (101)400 is 0.258 nm in C doped ZnQ/&xs and
0.259 nm in C-doped ZnO{for-74 Sample, which is obviously larger than that of (h@1) for
pure ZnO nanoparticles (0.24 nm). The increase -gpating between lattice fringes of
ZnO/Cpnor-s andZnO/Cyor-74 SUggest the strain on nanoparticles created bgdped C species
in these samples.[37] The d-spacing of graphitibaa fringes inZnO/Czk-gis 0.35 nm, which
confirms the formation of partial graphitic and elramorphous nature of carbon matrix upon
carbonization of MOFs. These findings combined i results from PXRD and XPS suggest
that ZnO nanoparticles iBNO/Cy o5 andZnO/Cyor-74 are well crystalline while only a small

amount of poorly crystalline ZnO nanoparticlesrisserved iz nO/Cyzg.s.

Fig. 7 Low magnification TEM micrographs and their regpecEDX elemental mappings of (a)
ZnO/Cpof-s, (b) ZNO/Cyor7sand (¢)ZnO/Cz ks. The colored images show the distribution of
elements throughout the composites. C, Zn, and @ Mnare represented in yellow, red,

blue/gray and cyan respectively.



Fig. 7a, b and c represent the energy dispersivayXspectroscopy (EDX) element
mapping ofZnO/Cyor-s, ZNO/Cyor.74 andZnO/Cyz kg composites respectively. The elemental
maps of C, Zn and O for all the 3 composites exisbnilar patterns to their TEM images.
Additionally, N is uniformly presented in sam@®&O/Czrs. The TEM and EDX results are in
good agreement with XPS results, which evidentlynolestrate that the homogeneously
distributed ZnO nanoparticles and C and/or N specie the composite samples obtained from
precursor MOFs. This may be due to the fact thatNfOFs are robust molecule-like crystal

structures with good thermal stability.

To investigate the allotropic forms of carbon anmshdtional groups attached to the
surfaces of the derivednO/Cyor5, ZNO/Cyor.74 and ZnO/Cz kg composites, Raman and
FTIR spectra were recorded. The main Raman peaks©f nanoparticles (Fig. 8) appeared at
427.3 and 320.1 chin ZnO/Cyor.s Which correspond to #high) and A(TO) vibrational
modes respectively. The bulk ZnO exhibitgHigh) mode at 437 cth However, inZnO/Cyor-

72 andZnO/Cz ks, Ex(high) mode appears at 428.4 and 431.7 arhile A;(TO) mode appeared
at 321.2 crit respectively. The low intensity of ZnO peak<ZinO/Cyr.s also confirms the poor
crystallinity and low wt. % of ZnO nanoparticlesseioved in PXRD. Moreover, the appearance
of E,(high) vibrational mode at a different frequency ZamO/Czr.s might be due to the
dissimilar doping profile as compared42aO/Cy,ors andZnO/Cy or-74.[37] The significant red-
shift indicates the reduced patrticle sizes comp#wdtie bulk ZnO and the narrowing of energy
band gap due to C and/or N doping in ZnO. The ddpe@sd N atoms may cause a strain which
modifies the lattice parameters of ZnO and cre@gg related crystalline defects. Another
interesting observation is that sam@leO/Czr.s shows new peaks at 271 and 574 cmhich

are not observed in pure ZnO. Numerous reportsesigd that these additional peaks come
from the activated silent modes(Bw) and B(high) respectively. These modes appear due to
the different electronic properties of doped N ahe substituted O in ZnO.[38-42] It can be
clearly seen (inset in Fig. 8) that;(Bw) and B(high) modes are also not observed in
ZnO/Cyors and ZnO/Cyor.7s. Furthermore, the JBV1) multi-phonon vibrational modes
appearing at 320.1 ¢mare much stronger iZnO/Cyor.s and ZnO/Cyor.74 compared to

ZnO/Czr-s. This B(M) multi-phonon mode in ZnO nanoparticles is comigattributed to the
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defects and impurities caused by the C doped spgt3g In pure ZnO, this mode is negligible.
As confirmed by UV-Vis absorption spectra, dopirig\ocreates a new energy level above the
valence band. It is evident that C acts as a dopaMlOF-5 and MOF-74 derived ZnO/C
composites whereas in ZIF-8 derived ZnO/C compssitkis the primary dopant.[21, 24] It can
be therefore concluded that compared to bulk Zr@, red-shift of modes towards lower
frequencies in all these MOF-derived ZnO/C compasiould be an indirect validation of the
reduced particle sizes and the narrowed energy baps, which is also confirmed by HRTEM
(Fig. 6) and UV-Vis absorption spectroscopy (Fig. 9

E,(M)
of C doped ZnO
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= /
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Fig. 8 Raman spectra &nO/Cyor-5, ZNO/Cyor.74andZnO/Cy kg are presented in black, red
and blue respectively. Insets show the highlightean Ex(high) and E(M) modes of ZnO,

additional modes (B as well as D and G bands of amorphous carbon.

The two signature peaks of D and G bands of amaipharbon at around 1350 and 1580

cm’ are observed in all the composites. The D banadr@ind 1350 cfhin Raman spectra
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represents the breathing modes of Ispbridized carbon atoms in hexagonal carbon rizmys
signifies the (diamond-like SpC-C bonds) amorphization of carbon. The G banceapd at
around 1580-1600 cis due to the in-plane bond stretching of alf spnded atoms in
hexagonal carbon rings and chains. The intensity cd D and G bandd /I ) is analogous to
the sp®/sp? ratio which is a measure of amorphization of carf®#] In our samples, these
Raman peaks of D and G bands for samgie®/Cy ors, ZNO/Cymor-74 andZnO/Czk.g appear

at a slightly different position with calculatég/l s ratios of 0.91, 1.17 and 1.06 respectively. It
suggests that the decomposition of the organiceti{fsHsO4) in MOF-5 at high temperature
leads to partial collapse of framework due to tiheaking of C-O and C-C bonds and give
relatively more graphitic carbon compared to the Mt and ZIF-8 derived composites. During
the carbonization of ZIF-8 under water vapors sdéd argon, the framework collapses by the
disintegration of organic linker methylimidazole s,f8GHg) which is formed due to the partial
breaking of Zn-N and C=N bonds. The high conténtimogen presented on the carbon surface
increases the 3hybridized C-C bonds, as confirmed by XPS (Fig), 4ehich enhances the
intensity of the D band. The shift of G band paositito 1599 cri in ZnO/Cyor.7s can
presumably be due to the indirect influence of spntent. In their study on disordered and
amorphous carbon, Ferrat al. argued that the creation of defects, bond lengtbrder and
spf/sp’ hybridization play the critical role in amorphizati of carbon. During the conversion of
graphite to nanocrystalline carbon, G band movemfi581 crt to 1600 crit, sp bonding
grows and @/l ratio increases.[44] Based on these observatibrten be expected that the
decomposition of the organic linker 480g) and breakdown of the spherically arranged

framework of MOF-74 leads to relatively high amawphk carbon.

FTIR spectra oZnO/Cy of-5, ZNO/Cpor-74 andZnO/Cz kg composites derived in water
vapors saturated argon atmosphere (Fig. S5a inl&upptary Data) exhibit peaks of Zn-O
stretching at 459 cth However, very low intensity of this peak obsenienO/Cz kg is in
good agreement with XRD (Fig. 2) and Raman reqHitg. 8). Two strong peaks at 1629 and
1047 cm in ZnO/Cyor-s correspond to the bond stretching of carboxyl (@) and C-O/C-
OH functional groups on the surfaces of the contpasispectively. The weak intensity of this
peak inZnO/Cy or.74 andZnO/Cy.g indicates the low concentration of C-O bonds presskin
these composites.[45] However, a pair of promimeaks at around 2850 and 2911 @ppears
in ZnO/Cyor7sa and ZnO/Cz ks composites which can be assigned to the symmatit
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asymmetric stretching modes of §pnded C-H atoms respectively. As shown in Rareanlts,
the D band is stronger in these samples thani@/Cy k.5, which also endorses the amorphous
nature of the carbon. To determine whether thequadalytic degradation of MB can affect the
surface chemistry of the tested composites, FTIBctsp of MB and used samples were
recorded. As shown in Fig. S5b, no peaks of MB waserved irZnO/Cyof-5, ZNO/Cpor-74
andZnO/Czk.g after the photocatalytic dye degradation, sugggstie surface functionalities of
the composites remain unaffected.

The optical properties and energy band gaps ofddégreaved ZnO/C composites were
calculated from UV-Vis absorption spectra. As showifrig. 9a, the UV-Vis absorption spectra
of ZnO/Cyof-s, ZNO/Cyor-74 andZNnO/Cy k.g red-shifts from 367 nm for bulk ZnO to 401, 404
and 431 nm respectively. The energy band gaps (EB@)ese composites calculated (Tauc
plots) appear at 3.13, 3.11 and 2.97 eV respeytiVéle redshift in EBGs can be assigned to the
defect generation related taand C and/or N doping into the ZnO nanoparticB&.[It is
found that regardless of different primary aniotdpants in these composites (C for MOF-5 and
MOF-74 derived composites and N for ZIF-8 derivedhposites), the shift in energy band gap
is in general not very large with respect to eatliteio The relatively larger shift in EBG of
ZnO/Cz ks may be due to the fact that the released N atommsgl the decomposition of
methylimidazole organic linkers at high temperatare predominately attached to the surface of
carbon which result in the increase of the D baRdntan spectra), accompanied with a small
amount of N atoms co-doped into the ZnO with C tiesult in the narrowing of the EBG.[21,
24] This observation is in good agreement with ltesstrom Raman (Blow) and B(high)
modes) and XPS spectra. However, it is expectdditi@to the decrease of energy band gaps in
all the three composites compared to the comméraahilable bulk ZnO with band gap 3.37
eV, these homogeneously distributed ZnO nanopestich porous carbon matrices may
potentially absorb more visible light, which camsequently result in improved photocatalytic

performance.
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Fig. 9 (a) UV-vis absorption spectra 8BhO/Cy or-5 (black),ZnO/Cyof-74 (red) andZnO/Cyz kg
(blue) and (b) direct energy band gaps (Tauc ptdtf)e composites.

Specific surface areas and pore sizes of ZnO/Cammposites play an important role in
adsorption and eventually photodegradation of aogalyes. Fig. 10 shows the,Norption
isotherms at 77K for all the three composites. iiteasured BET surface areasZoiO/Cy or-s,
ZNnO/Cyor.74 andZnO/Cy kg are 390, 321 and 653", respectively. The qualitative behavior
of isotherms shows th@nO/Cyors displays type-ll isotherm with hysteresis at highedative
pressure (in the presence of micro/mesopores)evuthZnO/Cy or-74 andZnO/Cy kg exhibit
type-l isotherms with very small hysteresis at treéa pressure (p§) between 0.4 - 0.6,
indicating the dominance of micropores with smalluvne of mesopores.[45-47] It is fascinating
to see that the crystal structures and pore shaifpéee precursor MOFs remain preserved with
the creation of micro-cracks during carbonizatiowcess (confirmed by SEM and TEM),

depending upon the calcination temperature andogasgmosphere.

The pores size distributions (PSD) (inset in Fi@) Were calculated by NLDFT method.
It can be seen that highp,Nptake at lower pressures (g/pnd linear isotherms (with very small
hysteresis loop) demonstrate that microp@espredominated jrZnO/Cz kg with pore widths
centered at 1.2 and 1.6 nm. However, a small daadf hierarchical mesopores between 2 and
3.5 nm are also observed. SimilalBnO/Cyor-74 is dominated with micropores centered at size

of 1.6 nm with a shoulder micropore size at 1.2 ktawever,ZnO/Cyors exhibited major
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micropore size at 1.4 nm with a shoulder pore sizd.7 nm. Additionally, a wide band of
hierarchical mesoplores between 2.2 and 5 nm aenadd in this sample due to the voids

between particles.
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Fig. 10 N sorption isotherms measured at 77 KZoO/Cyor-s (black circles),ZnO/Cyor-74

(red triangles) an@nO/Cy kg (blue squares). The inset is the pore size didtabs of MOF
derivedZnO/Cpmor-5, ZNO/Cpmor-74 andZnO/Cz . nanocomposites.

The relationship between pore shapes/sizes of me@cMOF and their derived ZnO/C
can be understood by linking the PSD of derived maosites with their precursor frameworks.
The N, sorption isotherms and PSDs of derived ZnO/C caitg® of MOF-5, MOF-74 and ZIF-

8 are in good agreement with pore structures afysser MOFs. As discussed above and shown
in Fig. 3a, MOF-5, a simple cubic framework consgtof ZnO nodes and benzene-

dicarboxylate linkers, predominantly possessespam @ore structure, which can allow the small
molecules to diffuse into the pores.[34, 35] Thar@émental pore volume (inset in Fig. 10) shows

that after carbonization at 800 °C under water k@apaturated argon atmosphere, the organic
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ligand decomposes and leads to the creation dftktigarger micropores and mesopores. The
breakings of Zn-O, C-O and C-C bonds in MOF strectresult in partial migration and

clustering of Zn atoms from metal centers to theepmavities. Due to the collapse of the node-
ligand structure, the consequent decompositiorhefdrganic linkers and the migration of Zn
species, these pore cavities are randomly blodlkesdiiting in the decrease in specific surface

areas and the increase in pore sizes of the deggatelative to their precursors.[23, 30, 32]

Similarly, Zn-N, tetrahedra in ZIF-8 are linked through methylinziole rings forming
spherical hexagonal structures with pore size cls®OF-5. However, ZnNimidazole linked
in spherical order (Fig. 3c) creates more pore m@snwith a size smaller than that of the cubic
shaped MOF-5.[30, 32] Compared ZmO/Cyors and ZnO/Cyor.74, compositeZnO/Cyz kg
exhibits higher micropore volume and specific stefarea. It is in good agreement with TGA
and XRD results that among these composites disdulssre,ZnO/Cz g possesses the least
amount of ZnO nanoparticles (35.8 wt. %) upon caitation of ZIF-8 at 800 °C in water vapors
saturated argon atmosphere, which results in highuat (wt. %) of microporous carbon in
ZnOICz ks With increased specific surface area (653 gf), but preserving the N-doped

microporous carbon framework as confirmed by SEBI 8EM images.[25]

As mentioned above, the pore shapes of MOF-74itiezaht with respect to MOF-5 and
ZIF-8. Instead of possessing enclosed pores, isistsnof long cylindrical channels with 1-D
hexagonal where metal nodes form the stripes dbwrchannel length as shown in Fig. 3b.[48,
49] The narrow pore distribution and the relativedw specific surface area @nO/Cyor.74
(321 nf g') as compared t&nO/Cyors and ZnO/Cy ks, are related to the lower specific
surface area of precursor MOF-74 and its densetkqeh molecular structure. However, the
specific surface area @nO/Cy or-74 is much lower than that @nO/Cyor.5sandZnO/Cyz k. It
can be assumed that the 1-D cylindrical pore strecdf MOF-74 does not provide enough path
lengths for ZnO nanoparticles to migrate to thetes/upon breaking of C-O, Zn-O bonds and
collapse the framework, which results in narrowepsize distribution (predominant micropores)

and relatively less decreased surface area.
3.2 Photocatalytic performances of the ZnO/C composites

To study the photocatalytic properties DhO/Cyor.s, ZNO/Cyor-74 and ZnO/Cz ks,
these composites were tested for photocatalytic dbgradation of methylene blue (MB) and
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hydrogen (H) evolution under visible light. The proposed metha of photocatalytic dye
degradation and fevolution are shown in Fig. 11. When the visiloignl has energy equivalent
to or higher than the energy band gap of ZnO, tiexgy of visible light is absorbed by the ZnO
nanoparticles, the valence band electrons areegkgitnerating electron-hol€/(€) pairs. These
photo-generated holes can directly oxidize MB intutral species. Moreover, these photo-
generated holes can also react with water mole¢siese the reaction takes place in water) and
produce hydroxyl radicals (OH Simultaneously, photo-generated electrons irdaotion band
reduce the oxygen molecules Qo form superoxide ions@,). In conventional metal oxide
photocatalysts, the recombination of photo-gendretg and Hyg can take place on the surface
of the catalyst, which results in a drastic deaeak photocatalytic activity. In addition, the
metal oxides have high surface energies which tendgglomerate, therefore providing less
access to the photocatalytic active sites. Howeandv]OF derived composites, metal oxides are
uniformly distributed in a porous carbon matrix.eDw their high surface areas and appropriate
pore sizes, these composites can adsorb higherramdMB molecules. These adsorbed MB
molecules have better access to the photocatalgtice sites on metal oxide. As shown in Fig.
11, the photo-generated electrons in conductiord lim be transferred to the carbon matrix
which facilitates charge separation by extendirg lifetime of photo-excited charge carriers,
consequently the possibilities of charge recommnatre also minimized. The superoxide
radicals {O,) produced by eg reduce the adsorbed MB into harmless speciesh®wadlance
band, photo-generated\a and OH radicals oxidize the MB molecules and convert thieta
neutral species. Some recent studies used elegpionresonance (ESR) and species trapping
experiment results to describe the mechanism oftoghtalytic degradation and complete

mineralization of organic dyes by MOF derived carldoped ZnO composites.[50]

For the photocatalytic hydrogen evolution react{défER) under visible light, 35 %
H,O/MeOH solution was used. The excited electronsthe conduction band react with
H,O/MeOH solution and reduce the® Hons into B gas. To achieve Hevolution through
photocatalytic water splitting, the conduction barfdsemiconductor should be more negative
than the reduction potential of #1,0 (0 V vs NHE) and the valence band should be more
positive than the oxidation potential of,®/O, (1.23 V vs NHE).[51] Consequently, the
minimum energy required to drive the reaction B3leV. MOF derived ZnO/C composites have

energy band gaps around 3 eV, the incident vidigh¢ can therefore easily generate excessive
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e/h’ pairs to carry out the photocatalytic water sipiiit When visible light is shone on MOF
derived ZnO/C composites, excitorisgé h'vs are generated by the absorbed photons (as shown
in Fig. 11) in conduction band (CB) and valancedb&B) of ZnO nanoparticles respectively.
These photo-generatedce and Hyg go through a relaxation in CB and VB respectively.
Followed by &g and Hyg are separated by overcoming exciton binding enetwy electronic
structure of the semiconductor guides the charffastthtn and charge transfer to the respective
reaction sites, where the effective charge diffnsand charge transport usually take place very
fast. The interfacial surfaces of ZnO and C in Md¥fived composites may facilitate successful
charge transport by minimizing the possible chaeg@mbination. The photo-generatéggh(as

well as OH radicals produced fromJ@) react with MeOH used as a hole/radical scavetger

complete the other half-reaction.[52]

For dye degradation, 10 mg of as-synthesized samgéeadded into 50 mL of 20 ppm

MB solution on constant stirring and put under Misilight. As shown in Fig. 12a, all three
nanocomposites exhibited excellent adsorption dmatqeatalytic dye degradation. In 6 hours,
the nanocompositeBnO/Cyor-s, ZNO/Cyor-74 and ZnO/Cyz kg showed 99 %, 92 % and 94 %
dye degradation respectively. To confirm that if @elf-sensitization of MB takes place, pure
MB was put under visible light for 6 hours. No seéfgradation of MB is observed. Obviously,
the MB is stable in visible light under the useaditions to carry out the experiment. Moreover,
as-prepared pure ZnO nanopatrticles from calcinaifddOF-5 at 800 °C in air (hamethOair)

was tested as a control experiment following thenesgphotodegradation procedure. After 6
hours, only 26% MB was photodegraded on pure Zn@&réfore, it can be established that C
and N dopants as well as porous carbon matricegedeirom the carbonization of MOFs, play

an extremely important role in photocatalytic perfance of MB degradation.
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Fig. 11 Proposed mechanisms of photocatalytic hydrogerduten reaction (HER) and the
photodegradation of organic pollutant dye methylhee (MB) byZnO/Cyor-5, ZNO/CyvoF-74
and ZnO/Cz ks under visible light. The photocatalytic oxidatigdegradation of MB) takes
place through the photo-generated holégg(land OH radicals) in valance band (half reaction
is shown here) whereas the reduction, (&{olution) occurs through the photo-generated

electrons (gg) in the conduction band (half reaction is showrehe

In photocatalytic dye degradation, adsorption of dy the catalyst and the subsequent
photodegradation take place simultaneously. Tdngjgish these two simultaneous processes,
the photocatalytic experiment was carried out imkd#&s shown in Fig. S6ZnO/Cyof.s,
ZnO/Cyor-74 and ZnO/Cy kg adsorbed 54, 23 and 40 % of MB respectively inodrb. The
relatively higher adsorption iEnOwuor-5s can be due to the —COOH functional groups attached
on the surface of amorphous carbon (confirmed b\RFWhich increase the hydrophilicity of
the adsorbents. The presence of relatively higineouat of mesopores iZnO/Cyors and
ZnO/Cz g composite (as shown the PSD in the inset to Flyjalso enables the MB molecules

have better access to and penetrate into the dessiing to enhanced adsorption capacity. This
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observation is in good agreement with our previpusported results.[21, 22] Contrary to that,
the poor adsorption of MB ainO/Cy k.74 after 60 minutes could be due to the narrow 1 por
channels of carbon matrix which appear less addes$or the MB molecules to penetrate.

Therefore, most of the adsorption takes place erstinface of the catalyst.
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Fig. 12 (a) The adsorption and photodegradation of MB 4nO/Cyors (black circles),
ZnO/Cyor-74 (red triangles) andZnO/Czrs (blue squares) under visible light irradiation
respectively.ZnOyors (olive hexagons) is photodegradation by samplepared at 800 °C
under air atmosphere. Violet triangles represeatiiind test of MB without any catalysts. (b)
H, evolution (HER) reaction b¥nO/Cyof.s, ZNO/Cpnor.-74 and ZnO/Cz k. nanocomposites

under visible light irradiation.

Under the visible light,ZnO/Cuors adsorbed and photodegraded 91 % MB while
ZnO/CyioF-74 andZnO/Cy kg showed 65 and 70 % adsorption and photodegradatithe first
60 minutes respectively. Among these samples,a@sbrption and photodegradation of MB on
compositeZnO/Cyors could be due to its relatively larger pore widtdrsd the presence of
micro/mesopores (as shown in Fig. 10) which allbe tlye molecules to penetrate and access
active sites deep in the porous carbon matrix. fAigke content of ZnO (83 wt. %) nanoparticles
in this sample may provide accessible active giigs to the exposed metal oxide surfaces. It
favors the short diffusion lengths for the chargansport and less charge recombination.
Moreover, carboxyl (COOH) functional groups (comied by XPS and FTIR) attached to the
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surface of the catalyst may act as trapping cemteadso increase the possibilities of adsorption
and photodegradation.

AlthoughZnO/Cy kg has the highest specific surface area with nitmatgrorated carbon
matrix among these samples, it exhibited moderatisoration and photodegradation
performance in first 60 min, which may be due te #maller pore openings as well as less
amount of ZnO (35.8 wt. %) present in the composihile the compositeZ nO/Cyor-74
showed slow adsorption in the first 60 minutes@sared t&ZnO/Cy or-5, Which might be due
to the 1-D pore structure and relatively low speatirface area anO/Cyor-74. However, after
60 min, it showed the highest degradation perfogaaof MB among all the samples. The
overall dye degradation performance in 6 hours Imosat the same aZnO/Cyors and
ZnO/Czrg. It can be presumed thahO/Cyor-74 With higher wt. % of ZnO nanoparticles (74.5
%) has more exposed chain-like metal sites thatease higher photodegradation after 60 min.
These observations indicate that the photocatabjye degradation is a complicated process
depending upon many physical parameters includireggy band gaps, ZnO and C ratios in the
nanocomposites, specific surface areas, pore wagtth pore volume of the composites,
crystallinity and functional groups attached on thaface, which are consistent with the
previous report.[22] In Table 1, a comparison obtplatalytic MB degradation efficiencies of
ZnO and doped ZnO under visible light is provid@viously, ZnO/C composites derived from
MOF precursors are amongst the best performancerialatin the photodegradation of MB

under visible light irradiation.

The porous carbon matrix in ZnO/C composites nd¢ adsorbs dyes but may also play
a role in the degradation of MB. Therefore, it ifficllt to distinguish the contribution of this
simultaneously occurring adsorption and photodegfrad of organic dyes using UV-Vis
spectroscopy. To investigate the photodegradatfoM® by MOF derived C and/or N-doped
ZnO nanoparticles, photocatalytic dye degradatias performed oZnOyor.5, ZNOwor-74 and
ZnOgz g under the same conditions mentioned above. As shiowig. S7a of Supplementary
Data, ZnOyor5 exhibited 34 % photodegradation comparedZt,;; which showed 26 %
photodegradation of MB after 6 hours irradiatiordenvisible light. This improved activity can
be attributed to the carbon doping in ZnO crysattide which results in narrowed energy band

gap and better charge separation. However, sardmp@s or.74 andZnOz k. demonstrated 14
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% and 26 % photocatalytic activity respectivelycdin be inferred thaZnOwors hanoparticles
are more efficient photocatalysts comparedZttOyor.74 and ZnOgz g This observation is
consistent with the dye degradation results of Zh@dmposites shown in Fig. 12a. In addition,
as presented in Fig. S8, the PXRDZfO/Cyof-5, ZNO/Cyor.-74 and ZNO/Cz g cOmposites
after being used for dye photocatalytic degradatests are identical to their fresh samples,

which clearly confirm the crystalline and structwstbility of these materials.

Table 1 A comparison of photodegradation of MB by undoped doped ZnO nanoparticles

synthesized by different methods.

Experimental Efficiency (%)
. conditions for
Catalyst Dopant Light source photodegr adation undoped  doped Ref.
ZnO/CGyok-s C 120 mWi/crf Catalyst =200 mg/L 32 99.4 This work
320 Nnm< A< 780 nm MB =20 mg/L
ZnO/CGyor-74 C 120 mWi/crf Catalyst = 200 mg/L 14 92.2 This work
320 nm< A< 780 nm MB = 20 mg/L
ZnO/G g N 120 mW/crd Catalyst = 200 mg/L 26 94 This work
320 nm< A< 780 nm MB = 20 mg/L
ZnO-C nanofibers N Solar simulator Catalyst = 400 mg/L 13.9 42.3 [53]
(Intensity = 80 lux) MB = 3.2 mg/L
Philips18 W/54 1M7
ZnO C Intensity = 14.5 W/fn - 8 41 [54]
Zn0O@GO - 40w Catalyst = 10 mg/L 49 98.5 [55]
A =365nm MB = 3.2 mg/L
CsN4/ZnO - 1.2 mW/cn Catalyst = 500 mg/L 10 72.3 [56]
A>400 nm MB =10 mg/L
ZnO/PMMA C,N 2 mW/cm Catalyst = 100 mg/L 7 60 [57]
A =368 nm MB = 0.24 mg/L
C,N-ZnO N 300 W Xe lamp Catalyst = 250 mg/L - 100 [36]
MB =10 mg/L
RGO/ZnO@ZIF-8 300 W Xe lamp Catalyst =1 g/L 46 82 [58]
A>420 nm MB =10 mg/L
Cu-ZnO Cu Sunlight Catalyst =1 g/L 92 90 [59]
MB = 0.3 mg/L
Li-ZnO Li 1000 W Xe lamp Catalyst = 1.2 g/L 53.1 100 [60]
MB = 3.2 mg/L
Hf-ZnO Hf Sunlight (1.263-105 lux) Catalyst = 250 mg/L 50 85 [61]

MB = 250 mg/L
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As discussed above, the photocatalytic dye degoadand H evolution under visible
light critically depend on the energy band gapehgonducting metal oxide nanoparticles.[62,
63] The generation of high numbers of electron-h@eg/h*yg) pairs upon absorption of
incident visible light, the migration of these d@lecs and holes to the interfaces of the
semiconductor nanoparticles and surface chemieatioms between the generatéfti'eand the
targeted compounds (MB dye for degradation an@®/MeOH for H production) are three
mechanistic steps of photocatalysis.[64] To improlve photocatalytic performance, narrow
energy band gaps, less charge recombination arfice i and longer lifetime of excited charges
are required. Due to the non-metal anionic C antfaifoping, hybridization of € and G
and/or Ny orbitals takes place, creating a new energy lslightly above the valence band of
ZnO nanopatrticles. This additional energy levelroas the energy band gap between the
valance and the conduction bands of ZnO nanopastidnd makes them photoactive

semiconducting materials under visible light.[45] 6

H, evolution results oZnO/Cyor5, ZNO/Cyor.74 and ZnO/Cz kg are shown in Fig.
12b. InterestinglyZnO/Cyor-s exhibited the highest Hevolution capacity of 25 pumol/g after 6
hours while ZnO/Cpyor-74 and ZnO/Cz ks showed only 3 and 6 pumol/g of,Hevolution
respectively under the same condition. As a refaxehb evolution by pure ZnO nanoparticles
derived from the calcination of MOF-5 at 800 °Ctle air ZnOaj;) was also measured under
the same conditions. It showed that é¥olution capacity is only 0.8 pmol/g (inset irgF57b)
which is negligible compared ©nO/Cyor.s. To differentiate the role of doped carbon/nitnoge
and the porous carbon matrix in generation, photocatalytic HER was also performednO
nanoparticles obtained from re-calcination of MQdfded ZnO/C composites under the same
experimental conditions. As shown in Fig. S7b op@amentary DataZnOwmor-5, ZNOmoF-74
and ZnOgz kg demonstrated only 0.9, 0.2 and 0.6 pmoligedolution activity under the same
experimental conditions respectively. Comparedhat,tZnO nanoparticles embedded in the
porous carbon matriX2ZnO/Cpyor-5, ZNO/Cyor.74and ZnO/Cz kg showed 28, 15 and 10 times
higher H generation respectively. It is therefore confirntieak the porous carbon matrix plays a

crucial role in charge {#") transferring and preventing the charge recomlinat

The improvement in Hevolution performance of ZnO/C composites can meerstood

through the schematic diagram shown in Fig. 11. refedively higher H evolution performance
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(among ZnO/C composites) 8hO/Cy or.s compared t&nO/Cyor-74 andZnO/Cgz g might be

due to the narrower energy band gap (UV-Vis absmpspectra), the higher amount of
accessible mesopores and availability of more adites (FTIR spectra). It can be assumed that
due to higher amount of ZnO (83 wt.%, TGA) with teetcrystallinity of nanoparticles
(confirmed by XPS and XRD) in catalygahO/Cyor-5, more electrons are generated on surface
upon interacting with visible light resulting innégher reduction rate of Hand lesser charge (e
/n*) recombination. Consequently, more is generated. However, #nO/Cz k., high content

of carbon (TGA profiles) makes it difficult for vide light to penetrate deeper into the porous
catalyst to access ZnO nanoparticles that are ypawyistalline. Furthermore, the generated
electrons have longer diffusion length which causess of &h* pairs due to charge

recombination. Therefore, this catalyst shows atiredly poor performance inj¢volution.

4. Conclusions

Three different ZnO/C composites, derived frometiéht MOFs at high temperature in
water vapor saturated argon atmosphere, were systemvestigated and correlated with their
precursors. The as-synthesized nanocompositesfurther evaluated as photocatalysts for dye
degradation and Hevolution under visible light. It was found th&etmal decomposition of
MOF-5 and MOF-74 under water-steam generate highjstalline ZnO nanoparticles with high
ZnO content whereas steam processing of ZIF-8 meslpoor crystalline ZnO nanopatrticles
with the lower weight percentage of ZnO in the cosifes. TheZnO/Cy o5 show the highest
thermal stability, ZnO/Cyor.74 With moderate stability whileZnO/Cz s are found to be
thermally less resistant at high temperature. XR& Raman analysis of derived composites
confirm that C is the only dopant inO/Cyor.s and ZnO/Cyor.74, While N plays the role of
primary dopant irZnO/Cgzrs. Moreover, the thermal decomposition of methyliazdle linker
in ZIF-8 gives more disordered carbon in resultogpositeZnO/Cy s (more C-C spbonds).
FTIR spectra demonstrate that there are more cgrlfe@ OOH) functional groups presented on
the surface ofZnO/Cyors due to the availability of more active sites orgaoic linker
(terephthalic acid) as compared tdnO/Cyor74 Where the organic linker is 2,5-
dihydroxyterephthaolic acid. Theigh level of N present on the carbon surfac&m®/Cyz g

results in less oxygen-containing functionalitiesattach on the surface of the catalyst under
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these experimental conditions. SEM, TEM and EDXm&letal mapping demonstrate that all
three composites retain the morphologies of precarsand display well-dispersed ZnO
nanoparticles homogeneously distributed in the gp®rcarbon matrix. Due to the N and/or C
doping, all three derived composites show red-shiffiffuse reflectance spectra, indicating the
narrow energy band gaps (around 3.1 eV) as comptrethe bulk ZnO (3.3 eV). The
preservation of inherited textual properties inthlee derived composites is confirmed by the
calculated specific surface areas and pore sizeibdisons. The appropriate pore sizes of
nanocomposites facilitate the adsorption of orgalye onto the surface of the catalyst. Among
these selected Zn-MOFs, the MOF-5 derived ZnO/C pusite proved to be the best
photocatalyst with the highest performance for Mf adlegradation and jHevolution under
visible light.
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