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1. Scheme of the preparation process for modified PCN samples
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Scheme S1. Tentative reaction mechanism between dicyandiamide and N-

acetylethanolamine (NA) via the nucleophilic addition reaction.
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Scheme S2. The synthesized process of CN microtube with hydroxyethyl groups
(HCNT-NA), first endured the hydrothermal pretreatment to form into the melamine-
cyanurate like complex, then proceeding with high-temperature calcined process to
obtain the HCNT-NA. HCN-NA or HCNT was prepared without added propanol or

NA under the above same conditions, respectively.
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Scheme S3. The typical routes to obtained the bulked g-C;N,.
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Scheme S4. Selected additive molecule and abbreviated form.



2. Supplementary for chemical structure and morphology (Fig. S1-S10)
Table S1. Physicochemical properties and photocatalytic activities of BCN, HCNT,

HCN-NA, and HCNT-NA.

Samples C/Nmolar  Sggt pVP Band gap O from
Ratio? (m2g) (cm3g1) (eV) EA (%)
BCN 0.672 9.5 0.017 2.84 1.563
HCNT 0.661 76.1 0.284 2.90 3.616
HCN-NA  0.709 72.8 0.225 2.81 4.112
HCNT-NA  0.691 73.3 0.258 2.81 4.437

a: data from element analysis (EA); PV®: Pore Volume.
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Fig. S1. (a) XRD. (b) Enlarged (002) plane. (c¢) Enlarged (100) plane and FTIR

spectrums of BCN, HCNT, HCN-NA and HCNT-NA. BCN is named from the bulked
6



(pristine) carbon nitride, HCNT, HCN-NA and HCNT-NA were synthesized from the
dicyandiamide (DCDA) endured the mixture: in water/propanol, water/NA,

water/propanol and NA, respectively.
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Fig. S2. N, adsorption-desorption isotherms of BCN, HCNT, HCN-NA, and HCNT-

NA (the inset is their pore size distribution curves of BCN and HCNT-NA).
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Fig. S3. High-resolution XPS C 1s of BCN and HCNT-NA.
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Fig. S4. High-resolution XPS N 1s of BCN and HCN-NA. Three different components
corresponding to C-N=C, N-(C); and C-N-H3 show the right shift compared to BCN.

This shift tendency in HCN-NA is similar to HCNT-NA.

Fig. S5. The corresponding chemical structure related to the solid NMR 3C spectrums.
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Fig. S6. SEM images of the (a) precursor dicyandiamide (DCDA) and (b) the
corresponding bulked Carbon Nitride (BCN). The precursor DCDA just presents the
irregular and large particles, after endured the polymerization process, the obtained

BCN still retains the irregular bulked morphology.
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Fig. S7. XRD spectrums of the intermediate of (a) BCN (just the precursor DCDA
without any other treatment), (b) HCNT, (c) HCN-NA and (d) HCNT-NA, which the

intermediate solids are prepared by hydrothermal treatment with the DCDA in

water/propanol, water/NA, water/propanol and NA, respectively.
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Fig. S8. FTIR spectra of the intermediate of (a) BCN, (b) HCNT, (c) HCN-NA and

(d) HCNT-NA.
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Fig. S10. Selected area electron diffraction (SAED) patterns of (a) HCNT and (b)

HCN-NA.

3. Supplementary for electronic structure and charge separation (Fig. S11-S17)
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Fig. S11. Photoluminescence (PL) spectrum of BCN, HCNT, HCN-NA, and HCN-NA.
Both HCNT, HCN-NA, and HCNT-NA shows the reduced intensity of PL emission
peak, also exhibits the red-shift of the peak, the reduced intensity demonstrates the
efficiently retarded charge recombination due to the existence of porous structure and
the introduction of hydroxyethyl group. And HCN-NA and HCNT-NA further possess
the broad shoulder peak among the 550-600 nm, might be originated from the existence
of intermediate band in the energy gap and the redistributed localized states, in accord
with the DRS results, demonstrating the introduction of hydroxyethyl group could exert
a prominent role in tuning the electronic structure and extending the optical absorption

region.
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Fig. S12. The calculated band gap of BCN, HCNT, HCN-NA, and HCNT-NA

converted using the Kubelk Munk function from Diffuse reflectance UV-Vis spectra.
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Fig. S13. (a) Diffuse reflectance UV-Vis spectra of a serial of HCNT-NA samples as
the different addition content of NA and (b) enlarge DRS spectra from 620-680 nm
(note: HCNT-NA;, HCNT-NA,, HCNT-NA; and HCNT-NA,4 means the addition of
NA is 0.05, 0.10, 0.15 and 0.20 mL, if not specified, we use HCNT-NA to signify

HCNT-NA;). As with the addition of NA motif, firstly, the extended optical absorption
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region in the resulted samples from 450-780 nm of the visible light region and 780-850
nm of parts of the near-infrared region can be observed, indicating a new discrete
energy level with an intermediate photoexcitation state, due to the grafting of
hydroxyethyl group. Then, with the progressively increasing the NA content, the
apparently enhanced absorption capacity is presented, signifying the existence of the
hydroxyethyl group is able to rational modulate the optical absorption region and the
electronic structure. A small shower peak at 655 nm is presented in HCNT-NA4
verifying the formation of the intermediate band, while HCNT-NA using a lower
concentration of NA addition was not observed, demonstrating the formation of the

intermediate band contributes towards the presence of hydroxyethyl groups.
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Fig. S14. EIS plots of HCNT-NA in the dark. (Note that, when the frequency above
1000 Hz, the real part of the impedance spectrum renders a nearly constant, and the
imaginary part presents a slope of -1. This suggests that this system presents as a
resistance in series with a pure capacitance, which serves as the prerequisite to Mott-

Schottky analysis. Then we select the 3000, 4000 and 5000 Hz as the test frequency.
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Fig. S15. The surface areas of (a) BCN and (b) HCNT-NA by AFM images for M-S
plots. For BCN, the active area is 12.13/ (2.3*3.5) =1.52, and HCNT-NA is 9.83/
(2.3*%3.5) =1.22.

The carrier concentration was calculated from the (1)

1 2 kT
RIS S P S
Cie gpgeNpA

Where e is the elemental charge: 1.6x101° C, A is the active area of work electrode, g
is the permittivity of vacuum: 8.85x10-'* F/cm, ¢ is the relative permittivity of the
material, the value is 5.5 for C;N,4. The value of kT/e is too low; it is generally ignored.

Hence
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kyx1.6x1071?%x885x 10" x 55

N, =k x 2.568 x 103!

k; is the slope of Mott-Schottky plots, A is the active surface area when we use a 1 cm?
work electrode. We calculated the slope at the frequency of 4000, for BCN, the slope
is 3.4803*10'%; and for HCNT-NA, it has a lower slope of 1.3651*10'%; therefore, we

can achieve the carrier donor density that BCN is 7.38 *10%° cm™ and HCNT-NA is

1.88*10%! cm3.

Fig. S16. Structures modes of (a) CN and (b) CN-NA with hydroxyethyl groups.
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Fig. S17. Periodic ON/OFF photocurrent response in 0.5M Na,SO, electrolyte under
visible light irradiation (A>420 nm) at -0.2 vs. Ag/AgCl electrode, of HCNT-NA and
BCN. The transient photocurrents of BCN and HCNT-NA have been measured to
investigate the photo-generated charge mobility. As displayed in Fig. S17, the
obviously enhanced photocurrent value occurs to HCNT-NA and is also reproducible
during the several ON/OFF illumination cycles. It means the HCNT-NA possesses the

high separation efficiency and the higher concentration of the electron-hole pairs*.

4. Supplementary for CO2 activity evaluation (Fig. S18-S29)
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Fig. S18. (a) The atmosphere controller to degas the air and filled into the high pure

CO; gas into the reactor. (b) The photocatalytic reaction setup.
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Fig. S19. The average generation rate of CO, reduction products using different
photocatalyst samples with a corresponding selectivity. (note: HCNT-NA;, HCNT-
NA,, HCNT-NA; and HCNT-NA, means the addition of NA is 0.05, 0.10, 0.15 and

0.20 mL, the same as the HCN-NA sample).
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Fig. S20. The UV-Vis absorption spectra of 1 pumol Co(bpy), complex (the mixture of
CoCl, and 2, 2-bipyridine, in 2 mL acetonitrile solution) and HCNT-NA. Inset image
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is the digital picture of 1 umol Co(bpy), complex in 3.5 ml 10% TOA/acetonitrile/H,O

solution after photocatalytic reaction.
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Fig. S21. The optical absorption spectrum of the white LED light source.

The UV-Vis absorption spectra of Co(bpy), complex was shown in the Supporting
Information Fig. S20, together with the HCNT-NA sample. Seen from the Fig. S20, the
optical absorption spectrum of HCNT-NA almost covers the whole absorption
spectrum of Co(bpy), complex. 1 pmol Co(bpy), complex in the reaction system only
could absorb the UV light, while no UV light source is presented in the system, the
absorption spectrum of white LED light shown in Fig. S21. This result demonstrate the
Co(bpy), complex is not able to absorb the incident light source and generate the
excited carriers to driven the photocatalytic CO, reduction reaction. Inset image in Fig.
S20 show Co(bpy), complex almost possesses the colorless and transparent status after
the photocatalytic reaction.

Control experimental were carried out in Fig. S22. Without the addition of Co
complex (bipyridine cobalt) in the reaction system, no CO product is generated. While,

certain amount of H, gas is detected, signifying HCNT-NA serve as the photocatalyst.

18



The addition of Co complex is necessary for successfully reducing CO, to CO.
However, if without the addition of photocatalyst of HCNT-NA, the reaction system
couldn’t generate the CO or H; gas, see column 7. Based on these results, We speculate
the Co complex in this reaction system serves as the cocatalyst to lower the energy
barrier, and the PCN samples serve as the photocatalyst to absorb the white light to
generate the excited carriers, then transfer the excited electron to the cocatalyst of Co
complex. This is verified by the fluorescence quenching experiments in Fig. S20. The
addition of Co complex in PCNs dispersion liquid obviously lower the intensity of

fluorescence emission peak, suggesting the excited carriers are transferred to complex.
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Fig. S22. The average generation rate of CO, reduction products under different control
conditions. Without the addition of CoCl,, no CO gas is detected, but small amounts of

H, is observed. Without the addition of HCNT-NA, no product is detected.
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Fig. S23. The Photoluminescence (PL) emission spectra of PCN suspension solution

(black line) and PCN with the adding different amounts of Co complex from 0.01 pmol

to 0.03 pmol. The PCN (BCN) sample was pretreated by using 2M HCI and stirred at

80 °C for 8 h. The excited wavelength is set at 370 nm.
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Fig. S24. Four cycle experiments for photocatalytic CO, reduction by using HCNT-NA

for every 4h.
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Fig. S25. (a) XRD and (b) FTIR spectra of HCNT-NA before and after the

photocatalytic CO, reduction reaction.
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Fig. S26. Photocurrent response (bias voltage: -0.2V vs. Ag/AgCl), irradiated by
different monochromatic wavelengths of 420 nm, 450 nm, 535 nm, 550 nm, 600 nm,

730 nm, 765 nm and 810 nm over HCNT-NA.
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Table S2. Comparison of photocatalytic CO, conversion performance of previously

reported typical materials and our catalyst in this work.

Normalized AQE (%)
Catalyst products evolution rate Enhanced (=420 Ref.
rates?
(pmoch's g nm)
HCNT-NA CO 209.24 39.5-folds 5.26 This work
MP-TAP-
CVs Cco 54.6 45-folds 4.8 5
CCN Cablom20 12.07 - - 6
X
mpgCN-
CoPPec CcoO 13.54 - - 7
Pt/o-PCN CcoO 286 34-folds 3.34 8
Fe(qpy)/CsNy CcoO 91.2 - 4.2 9
RuRu’/Ag/N
H H . - 1
S-CiN, COO 83.3 } 0
NUZ/HGN-
350, CO 31.6 3-folds - 11
0Fe0/gC g 272 22-folds  0.96 12
Ny
g-C3Ny@hm-
C(CN); CcoO 16.5 7.8-folds 13
4S-
SSHoMSs-12  CO/0O, 48.01 3.37-folds - 14
h)
Vs-CulnsSg CHy4 8.7 5.4-folds 0.786 15
Co-Bi3;04Br CO 107.1 32-folds - 16
3D-ZIS CcoO 276.7 19-folds - 17
Cs,Snlg/SnS, CH4 6.09 10.6-folds - 18
MIL-
101(Cr)-Ag CcoO 808.2 27.3-folds - 19

a: compared to the pristine CN matrix
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Fig. S27. Time-dependent of CO evolution at the near-infrared region such as A=785
nm, 810 nm and 840 nm over HCNT-NA. By using BCN as a catalyst, we can’t detect

any products at A=765 nm and 810 nm.
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Fig. S28. In situ IR spectra of characteristic adsorption peak of CO at 2054 cm! on

HCNT-NA.
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Fig. S29. Side view of each CO; reduction intermediate on HCNT-NA

Table S3. The free energy (eV) of each CO, reduction intermediate path in the pristine

BCN and HCNT-NA.

CO2 COO* COOH* CO* CcO
BCN 0 -0.1866 0.6821 0.4365 0.2507
HCNT-NA 0 -0.2915 0.5618 0.3673 0.2507
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