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Sodium-Doped C3N4/MOF Heterojunction Composites with
Tunable Band Structures for Photocatalysis: Interplay between
Light Harvesting and Electron Transfer

Yating Pan, Dandan Li, and Hai-Long Jiang*[a]

Abstract: The search for ideal model systems to investi-

gate the role of different parameters in heterojunction
composites for enhanced photocatalysis is a high-priority

target. Herein, a series of heterojunction composites,
namely Nax-C3N4/Pt@UiO-66, being composed of UiO-66
and Na-doped g-C3N4 with adjustable light absorbance
and band structures, have been prepared with different

Na contents, which exhibit a volcano curve towards pho-
tocatalytic H2 production. Benefiting from the interplay of
the two critical factors between light harvesting ability

and electron transfer efficiency, the optimized Na0.02-C3N4/
Pt@UiO-66 shows excellent photocatalytic H2 production,

far surpassing its corresponding single counterparts.

Photocatalytic hydrogen production by water splitting has

been regarded as a potential solution for converting solar
energy into chemical energy to meet the challenge of global

energy crisis.[1] It has been recognized that the photocatalytic

procedures consist of three key steps, including light harvest-
ing (particularly, visible light), electron-hole separation and sur-

face chemical reactions.[2] Accordingly, various strategies and
catalyst systems have been investigated to drive these process-

es.[3] Amongst them, the fabrication of heterojunctions is one
of the most effective strategy to overcome the drawbacks of

fast charge recombination and the limited visible-light harvest-

ing of photocatalysts.[4] Energy level matching and effective
photoexcited electron transfer are the key factors in the heter-

ojunction formation.[5] The classical heterojunction is formed
between different semiconductor materials. In addition, differ-

ent crystal phases/planes, which possess different band struc-
tures, of the same semiconductor can also create heterojunc-

tions.[2d, 4] However, there has not yet been a systematic investi-

gation on the band structure regulation in semiconductor/
semiconductor heterojunction photocatalysts to optimize the

catalytic activity via systematically adjusting the light harvest-
ing and electron transfer.[6]

Metal-organic frameworks (MOFs),[7] a class of crystalline

porous solids constructed by metal ions or metal clusters with
organic linkers, have been recognized to be promising photo-

catalysts for diverse reactions, including water splitting, CO2 re-
duction and organic transformation based on their semicon-

ductor-like behavior under illumination.[8–11] The porosity and
crystalline nature endow MOFs with highly dispersed active

sites, short charge transfer distance and rapid pore surface re-

action of charge carriers.[2c, 12c] Therefore, MOF-based materials
have been widely applied for photocatalysis. Unfortunately,

most MOFs suffer from limited visible-light absorption, unfav-
orable to their photocatalysis. To address this issue, the inte-

gration of visible-light-responsive semiconductor with them
might be an effective solution.[5, 12] Behaving as an important

type of semiconductor, g-C3N4 is able to harvest visible light

and its light-responsive range can be adjusted by different
contents of Na doping.[6, 13] The p–p interaction between the

triazine ring of g-C3N4 and the abundant aromatic ligands in
MOFs, as well as the surface electrostatic interaction, may facili-

tate their close contact, heterojunction formation and electron
transfer.[5]

Bearing the above in mind, a series of heterojunction com-

posites, Nax-C3N4/Pt@UiO-66 (x means the molar concentration
of the Na precursor solution; it denotes g-C3N4/Pt@UiO-66

when x = 0), have been fabricated based on a representative
MOF, UiO-66,[14] and the band-tunable Nax-C3N4 (or g-C3N4, x =

0). Significantly, the energy level matching between the two
components and the visible-light absorption in the heterojunc-

tion composites can be continuously adjusted by changing the
Na contents. Along with increased Na contents, the band gap
of Nax-C3N4 becomes narrow and visible-light harvesting is en-

hanced, while electron transfer efficiency is more complex,
which are affected by electron trap sites and driving force of

electron transfer. The two critical parameters, visible-light har-
vesting and electron transfer, reach a balance to give optimal

photocatalytic activity at a suitable Na content (Scheme 1). As

a result, in the optimized Na0.02-C3N4/Pt@UiO-66 composite,
visible-light harvesting and electron transfer efficiency are well

balanced and improved, giving rise to much enhanced photo-
catalytic H2 production.

The Nax-C3N4 were obtained by thermal polymerization and
thermal oxidation etching method based on dicyandiamide
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and NaOH precursors.[6a, 13b] Pt@UiO-66 was prepared by adopt-

ing a double solvents approach followed by H2 reduction, in-
tending to the incorporation of Pt cocatalyst into the MOF.[15]

The Nax-C3N4/Pt@UiO-66 composites were finally fabricated by
grinding Nax-C3N4 with Pt@UiO-66 and subsequent thermal

treatment to enhance their interaction and improve the heter-
ojunction formation.

The specific contents of Na in Nax-C3N4 are decided by the

inductively coupled plasma atomic emission spectrometer
(ICP-AES) (Table S1). Powder X-ray diffraction patterns (PXRD)

of the Nax-C3N4 have been recorded (Figure 1 A). The g-C3N4 ex-
hibits two peaks at 13.08 and 27.48, corresponding to its (100)

and (002) crystal planes, respectively, which represent in-plane
packing and interfacial stacking of g-C3N4 sheets.[6b] For Nax-

C3N4, the peak at 13.08 shifts to lower angles along with in-

creased Na loadings. Inversely, the peak intensity at 27.48 shifts
to higher angles, indicating a larger plane spacing of the g-

C3N4 triazine rings and a smaller stacking distance between g-
C3N4 layers caused by Na doping. Fourier transform infrared

(FTIR) spectra of Nax-C3N4 mainly show four bands around 810,
1200–1700, 2163 and 3000–3500 cm@1 (Figure 1 B). The wide

band region located at 1200–1700 cm@1 is corresponding to
the aromatic C@N and C=N heterocycles stretching vibration of

triazine ring framework, meanwhile, the bands at 3000–
3500 cm@1 can be attributed to the stretching vibration of N@H

groups.[13c,d] The peak located at 810 cm@1 gradually weakens
along with increased Na dopants, which is the characteristic
breathing mode of the triazine unit. In addition, the asymmet-

ric stretching vibration of cyano groups (-C=N) at 2162 cm@1

becomes relatively stronger along with increased Na loadings,
demonstrating that Na has been doped into the g-C3N4 frame-
work indeed.[6, 13]

Theoretically, the nitride ring size (0.71 nm) of g-C3N4 is able
to accommodate and coordinate with sodium ions.[13e] X-ray

photoelectron spectroscopy (XPS) results indicate that, in refer-

ence to the g-C3N4, the Na 1s XPS spectrum of Na0.02-C3N4

gives a new peak at 1071.4 eV (Figure 1 C), which is evidently

lower than the Na@O bond at 1072.1 eV, suggesting the pres-
ence of Na@N bond.[6] Upon the Na introduction, slight shift of

binding energy is found in N 1s XPS spectra, while nothing
change in the C 1s spectra can be observed (Figure S1), further

supporting the formation of Na@N bond, but not Na@C bond.

Therefore, the sodium ion is assumed to be fitted into the ni-
tride cave of g-C3N4 surrounded by the heptane rings.

The absorbance edge of Nax-C3N4 undergoes slight red shift,
suggesting that the visible-light harvesting ability is gradually

improved, as the content of Na increases (Figure 1 D). Accord-
ingly, the band gap energies (Eg) of Nax-C3N4, which obtained

from the Kubelka–Munk function curve transformation, change

continuously from 2.88 to 2.77 eV along with increased Na
loadings. On this basis, the band structures Nax-C3N4 with dif-

ferent Na contents can be evaluated according to the Mott-
Schottky analysis (Table S2).[10c, 16] The bottom of conduction

band (CB) in the Nax-C3N4 decreases with the increased Na con-
tents, inferring the lower electron-donating ability. The results
unambiguously show that, light harvesting and electron trans-

fer ability, the two critical issues in photocatalysis, can be
tuned by changing Na contents in Nax-C3N4.

The Nax-C3N4/Pt@UiO-66 composites have also been carefully
characterized by XPS (Figure 1), PXRD and FTIR (Figure S3), in

which Nax-C3N4 and Pt@UiO-66 maintain their respective struc-
tural features. In addition, the characteristic breathing mode of

the triazine unit in Nax-C3N4 (810 cm@1) is still remained, reveal-
ing its structural integrity after the composite formation. Trans-
mission electron microscopy (TEM) observation shows detailed

structure of Nax-C3N4/Pt@UiO-66 (Na0.02-C3N4/Pt@UiO-66 as a
representative), in which the Pt nanoparticles of &1.6 nm are

similar to those in Pt@UiO-66 (Figure 2 A, 2B, S4). Both TEM
and scanning electron microscope (SEM) images for Pt@UiO-66

present the smooth and clean surfaces, while the sample sur-

face is apparently rough and believed to be tightly covered by
the corrugated Nax-C3N4 layers in Na0.02-C3N4/Pt@UiO-66 (Fig-

ure 2 B, S4, S5). The close contact between Pt@UiO-66 and Nax-
C3N4 would greatly facilitate the formation of heterojunction.

The interaction between them has been investigated by the N
1s and C 1s XPS spectra of Na0.02-C3N4/Pt@UiO-66 as a repre-

Scheme 1. Schematic illustration showing the photocatalytic hydrogen pro-
duction over Nax-C3N4/Pt@UiO-66 heterojunction composites, highlighting
the tunable band structures.

Figure 1. A) PXRD patterns, B) FTIR spectra of Nax-C3N4, C) the Na 1s XPS
spectra of g-C3N4, Na0.02-C3N4 and Na0.02-C3N4/Pt@UiO-66 and D) UV/Vis ab-
sorption spectra of Nax-C3N4. Inset: the plots of transformed Kubelka-Munk
function versus the light absorption energy of Nax-C3N4 (x = 0, 0.01, 0.02,
0.05, and 0.1 m).
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sentative (Figure S1). All N 1s peaks and the C 1s peak cen-

tered at 288.3 eV (C=N-C) shift to higher binding energies, indi-
cating the strong interaction between Na0.02-C3N4 and Pt@UiO-

66, which may be caused by p–p stacking between Na0.02-C3N4

and Pt@UiO-66. In addition, Pt@UiO-66 is UV-light-responsive

only with absorbance edge at 320 nm (Figure 2 C). Upon the

combination with Nax-C3N4, the strong visible-light response
ability has been integrated into the Nax-C3N4/Pt@UiO-66 heter-

ojunction composites. The light harvesting ability of the com-
posites becomes stronger with the increased Na doping

amounts, similar to the light absorbance trend of Nax-C3N4.
With the above results, we are now in a position to investi-

gate the photocatalytic activity. Pt@UiO-66 has no light absorb-

ance in visible region. Therefore, no appreciable H2 evolution
was detected under visible-light irradiation. In contrast, Nax-

C3N4/Pt@UiO-66 composites afford considerable photocatalytic
activity due to their better response in the visible-light region.

Along with higher Na contents in Nax-C3N4/Pt@UiO-66 (x = 0–
0.02), the composites offer improved light harvesting ability,

causing enhanced visible-light photocatalytic activity. When
the Na loading further increases (x = 0.02–0.1), though the visi-
ble-light absorbance of the composites is continuously im-
proved, unexpectedly, their activity presents gradually declined
trend (Figure 2 D). With the optimized Na content, the resultant

Na0.02-C3N4/Pt@UiO-66 exhibits almost 10 times of higher pho-
tocatalytic activity than single Na0.02-C3N4 and & two times than

that of the physical mixture of Na0.02-C3N4 and Pt@UiO-66 (Fig-

ure 2 D, S6), highlighting the enhanced activity caused by the
heterojunction. The PXRD patterns for all Nax-C3N4/Pt@UiO-66

catalysts after reaction demonstrate their structural stability
(Figure S7). As described above, the photocatalytic activity of

the Nax-C3N4/Pt@UiO-66 turns out to be a volcano curve. Since
this trend is not in accordance with the trend of light absorb-

ance ability (continuous enhancement along with increased Na
contents), there must be other factors that simultaneously
affect the activity, resulting in the best performance of Na0.02-
C3N4/Pt@UiO-66.

The photocatalytic procedure was investigated by the elec-
tron paramagnetic resonance (EPR). Upon light irradiation in

the presence of TEOA as a sacrificial agent, the EPR signals of
Nax-C3N4/UiO-66 at g = 2.009 and 2.030 are significantly en-

hanced, which might be attributed to O2C@-trapped Zr-oxo clus-
ters (Figure S8).[17] It is proposed that the residual O2 molecules
accept electrons from electron-trapped Zr-oxo clusters, which
means the visible-light photoexcited electron transfer from
Nax-C3N4 to UiO-66. After the formation of heterojunction com-

posites, the photoluminescence spectrum (PL) intensity is obvi-
ously reduced, which further suggests the efficient electron

transfer (Figure S9). Based on the above information, the elec-

tron transfer efficiency might be another key factor to affect
the activity.

More experiments were conducted to evaluate the relation-
ship between electron transfer and photocatalytic activity. It is

assumed that the introduction of sodium ion into g-C3N4 can
create structural defects and lead to electron trap sites that

promote the electron-hole separation according to previous re-

ports.[6b, 10c] This is in consistent with the gradually decreased
PL intensity of Nax-C3N4 along with increased Na contents,

which might be attributed to inhibited electron-hole recombi-
nation by the trap sites (Figure 3 A, S10). The results are further

supported by both transient photocurrent and electrochemical
impedance spectroscopy (EIS) measurements, manifesting the

faster charge separation in Nax-C3N4 along with the larger x

value (Figure S11, S12).[13g]

Intuitively, the trend of electron transfer efficiency in Nax-

C3N4/Pt@UiO-66 heterojunction composites with the Na con-
tent change will be similar to the above Nax-C3N4. However, in

reference to Nax-C3N4, the PL intensity of the composites gives
a different order, where the lowest PL intensity is correspond-

ing to Na0.02-C3N4/Pt@UiO-66 rather than Na0.1-C3N4/Pt@UiO-66

(Figure 3 B, S10). This unusual phenomenon might be ex-
plained that the electron transfer in the composites is co-con-

tributed by Na doping (giving rise to electron trap states) and
energy level difference between Nax-C3N4 and the MOF. As

mentioned above, the electron trap sites by Na doping is fa-
vorable to the electron transfer in Nax-C3N4. In addition, from

Figure 2. A) TEM image, B) enlarged TEM image of Na0.02-C3N4/Pt@UiO-66,
C) UV/Vis absorption spectra of Nax-C3N4/Pt@UiO-66 and Pt@UiO-66 and
D) the photocatalytic hydrogen production of a) UiO-66, b) Na0.02-C3N4,
c) physical mixture of Na0.02-C3N4 and Pt@UiO-66 and d–h) Nax-C3N4/Pt@UiO-
66 (x = 0, 0.01, 0.02, 0.05, and 0.1 m) in MeCN/TEA/H2O (29.5:0.5:0.15 v/v,
30 mL).

Figure 3. The photoluminescence intensity curves of A) Nax-C3N4, and B) Nax-
C3N4/Pt@UiO-66 vs. Na contents (x = 0, 0.01, 0.02, 0.05, and 0.1 m).
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the energy diagram, the bottom of CB of all Nax-C3N4 are more
negative than that of the lowest unoccupied molecular orbital

(LUMO) of UiO-66 (@0.51 V vs. NHE at pH 7.0, Figure S2, S13). A
higher Na content leads to the lower CB and the smaller

energy level difference relative to the lowest unoccupied mo-
lecular orbital (LUMO) of UiO-66, causing weaker driving force

of electron transfer between Nax-C3N4 and UiO-66
(Scheme 1).[4b] Therefore, the above two factors (electron trap
site and energy level difference) with positive and negative ef-

fects, respectively, to electron transfer along with increased Na
contents interplay: 1) When the Na content is lower than
0.02 m, electron trap site is a major factor ; 2) when the Na con-
tent is higher than 0.02 m, the trend becomes inverse and the
energy level difference is a major factor. In this case, the elec-
tron transfer efficiency along with increased Na loadings pres-

ents a volcano curve, which is well supported by both photo-

current response and EIS results (Figure S11, S12). Therefore,
such an electron transfer efficiency (volcano type) in combina-

tion with light harvesting ability versus the Na content in the
Nax-C3N4/Pt@UiO-66 heterojunction composites are two key

factors, and they interplay to give the resultant volcano curve
of their photocatalytic activity along with increased Na con-

tents.

In summary, the Nax-C3N4/Pt@UiO-66 heterojunction compo-
sites featuring tunable light-harvesting and band structures

have been fabricated. In addition to improved light-harvesting
ability, the electron transfer stemmed from electron trap sites

and thermodynamic driving force (energy level difference)
presents the volcano curve and gives the best efficiency at

0.02 m of Na content, along with the increased Na loadings.

These two factors (light harvesting and electron transfer) inter-
play to afford a volcano-type activity curve of the composites

versus the Na content, in which the optimized Na0.02-C3N4/
Pt@UiO-66 provides the best photocatalytic H2 production

rate, far surpassing any other component counterpart. This
work provides an ideal model system to investigate the heter-
ojunction composites with tunable light harvesting and band

structures toward enhanced photocatalysis. The results report-
ed herein would be informative for the further development of
heterojunction photocatalysts.

Experimental Section

Preparation of Nax-C3N4 : The Nax-C3N4 were synthesized according
to the previous report with some modifications.[6a, 13c] Typically, di-
cyandiamide (1 g) was dispersed into deionized water (5 mL) under
stirring. Then, NaOH solution (5 mL, 0.01, 0.02, 0.05 or 0.1 m) was
added. The suspension obtained was sonicated for 2 h, then
heated to 100 8C to evaporate water, followed by grinding at the
mortar agate and annealing at 550 8C for 4 h with a ramp rate of
2.3 8C min@1 and finally cooling at a rate of 1 8C min@1. The product
was ground and placed in an open ceramic container heating at
500 8C for 2 h with a ramp rate of 5 8C min@1. The obtained product
was denoted as Nax-C3N4, where x stands for the NaOH molar con-
centration. The g-C3N4 was prepared by replacing NaOH solution
with de-ionized water.

Preparation of UiO-66 : Typically, ZrCl4 (20 mg), BDC (14.25 mg)
and DMF (10 mL) were ultrasonically dissolved in a 20 mL Pyrex

vial. The mixture was heated in 120 8C oven for 24 h. After cooling
down to room temperature, the precipitate was recovered by cen-
trifugation and washed with DMF and methanol for several times,
and finally dried at 60 8C under vacuum overnight.

Preparation of Pt@UiO-66 : The Pt@UiO-66 was prepared via a
double solvents approach.[14] Typically, a certain amount of UiO-66
was activated at 120 8C for 2 h. The activated UiO-66 (100 mg) was
suspended in hexane (20 mL) and the mixture was sonicated for
around 60 min until they became homogeneous. After being
stirred for a certain time, H2PtCl6 (14.3 mL) solution with desired
concentrations (Pt/UiO-66 = 1/100 wt %) was added dropwise
during constant vigorous stirring. Subsequently, the resultant solu-
tion was continuously stirred for 4 h. The solid was collected by
centrifugation and dried in 85 8C and Pt was finally reduced by H2/
Ar mixed gas (H2, 20 % v/v) at 200 8C.

Preparation of Nax-C3N4/Pt@UiO-66 : Typically, Nax-C3N4 (5 mg) and
Pt@UiO-66 (10 mg) were mixed and ground for 30 min in the
mortar agate using a pestle, then thermally treated at 350 8C for
2 h in N2 atmosphere in a tubular furnace to produce the Nax-C3N4/
Pt@UiO-66 heterojunction composites. The same batch of Pt@UiO-
66 was used in this procedure.

Photocatalytic experiments: Typically, photocatalyst (3 mg) was
dispersed in acetonitrile (29.5 mL) and deionized water (0.15 mL)
with triethylamine (TEA, 0.5 mL) as a sacrificial reagent in an optical
reaction vessel. Then, the suspension was stirred and purged with
nitrogen for 15 min to remove air. The reaction vessel with reaction
solution was fixed, and irradiated by the 300 W Xe lamp equipped
with a UV cut-off filter (>380 nm). Hydrogen gas was measured by
gas chromatography (Shimadzu GC-2014) using a thermal conduc-
tivity detector (TCD).

Photoelectrochemical measurements : Photoelectrochemical
measurements were performed on a CHI 760E electrochemical
work station (Chenhua Instrument, Shanghai, China) in a standard
three-electrode system with the photocatalyst-coated ITO as the
working electrode, Pt plate as the counter electrode, and Ag/AgCl
as a reference electrode. A 300 W Xenon lamp with a UV cut-off
filter (>380 nm) was used as light source. A 0.1 m Na2SO4 solution
was used as electrolyte. The catalyst (2 mg) was dispersed into a
solution containing Nafion (10 mL) and ethanol (3 mL), and the
working electrodes were prepared by dropping the suspension
(200 mL) onto the surface of an ITO plate. The working electrodes
were dried at room temperature, and the photoresponsive signals
of the samples were measured under chopped light with a bias
potential of + 0.5 V.

Electrochemical impedance spectroscopy and Mott–Schottky
plot measurements: The electrochemical impedance spectroscopy
was performed on the Zahner Zennium electrochemical worksta-
tion in a standard three-electrode system with the photocatalyst-
coated glassy carbon (F= 3 cm) as the working electrode, Pt plate
as counter electrode, and an Ag/AgCl as a reference electrode. A
0.1 m Na2SO4 aqueous solution was used as the electrolyte. The
samples (2 mg) was dispersed into a solution of 5 wt % Nafion
(10 mL) and ethanol (3 mL), and the working electrode was pre-
pared by dropping the suspension (30 mL) onto the surface of the
glassy carbon electrode. The working electrode was dried, and
then EIS measurement was performed with a bias potential of
@1.65 V for Nax-C3N4 and @1.7 V for Nax-C3N4/Pt@UiO-66 in the
dark. Mott-Schottky plots were measured by changing the frequen-
cies of Ag/AgCl reference electrode at 500, 1000, and 1500 Hz, re-
spectively.
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