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oping effect of potassium ions on
structural modulation and photocatalytic activity
of graphitic carbon nitride†

Chengyu Peng, Rong Lu * and Anchi Yu *

Graphitic carbon nitride (GCN), as a promising photocatalyst, has been intensely investigated in the

photocatalytic fields, but its performance is still unsatisfactory. To date, metal ion doping has been

proven to be an effective modification method to improve the photocatalytic activity of GCN. More

importantly, comprehensive understanding of the doping mechanism will be of benefit to synthesize

efficient GCN based photocatalysts. In this work, K+-doped GCN samples were prepared via heating the

mixture of the preheated melamine and a certain amount of KCl at different synthetic temperatures. XRD

and Raman characterization studies indicated that the introduction of K+ could improve its crystallinity at

higher temperature but reduce its crystallinity at lower temperature. Moreover, FTIR and SEM-EDS

measurements implied that K+ are found dominantly in the surface of the ion-doped sample prepared at

lower temperature, while they are found both in the surface and bulk of the ion-doped sample prepared

at higher temperature. These observations revealed that K+ distributed in the surface of the ion-doped

GCN could inhibit its crystal growth, while K+ distributed inside of the ion-doped GCN could promote its

crystallinity. Owing to the greater inducing effect of the bulk K+ than the disturbing effect of the surface

K+, the improvement of the crystallinity for K+-doped GCN was achieved. As a result, the K+-doped GCN

with higher crystallinity yielded an obviously higher H2 evolution rate than that with lower crystallinity

under visible light irradiation (>420 nm). Besides, it was observed that the K+-doped GCN prepared at

higher temperature exhibits significantly greater adsorption capacity for methylene blue than the K+-

doped GCN prepared at lower temperature. This work would provide an insight into optimizing metal

ion doped GCN with high photocatalytic activity.
1 Introduction

Due to its unique optical, electronic and physicochemical
properties, as well as low cost and ease of preparation, graphitic
carbon nitride (GCN), as a metal-free layered semiconductor,
has been widely investigated and applied in the photocatalytic
elds.1–7 However, the photocatalytic performance of the pris-
tine GCN is still unsatisfactory at present. Then, modifying GCN
to improve its photocatalytic efficiency becomes an inevitable
strategy. Recently, metal element doping has been validated as
an effective method to fabricate GCN with high photocatalytic
activity.5,6,8,9

K+ is one of the most studied elements among metal ion
doping GCN studies. K+-doped GCN is usually obtained through
potassium halide assisted thermal polymerization of nitrogen-
rich precursor,10–23 and a few reports directly using GCN as the
precursor.24–27 The calcination temperature was oen set at
y of China, Beijing 100872, P. R. China.

n

tion (ESI) available. See DOI:
550 °C, the same temperature at which the pristine GCN was
prepared. Since the melting point is much higher than 550 °C,
potassium halide was also regarded as a solid template, which
can be easily washed off aer polymerization reaction.10–13

According to the previous studies, the inuence of K+ on
GCN is manifested in the aspects of changing morphology,12,26

introducing new functional groups,13,17 tuning electronic band
structure,14 narrowing band gap,15,16 or modulating
crystallinity,10–13,18,21,25 etc. However, most studies about K+-
doped GCN showed only partial doping effects. Moreover,
conclusions from different literatures regarding the effect of K+

could be contradictory, for example, the doped K+ was sug-
gested to inhibit the crystal growth of GCN,13,14,18,20,21 but it also
might induce highly crystalline structure in GCN.10–12,25 There-
fore, unravelling the modication mechanism of K+ or potas-
sium halide on GCN would be the key to understanding these
contradictories.

Several studies have attempted to investigate how K+ to
modify the structure of GCN. In 2016, Xiong et al. performed
both experimental measurements and DFT calculations to
explore K+ modication mechanism, and they proposed that K+

could intercalate into GCN interlayer via bridging the layers,
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra00934c&domain=pdf&date_stamp=2023-03-20
http://orcid.org/0000-0003-1894-5558
http://orcid.org/0000-0002-2433-0413
https://doi.org/10.1039/d3ra00934c


Paper RSC Advances
which decreases the electronic localization and extends the p

conjugated system, and thus narrows the band gap of GCN.15 In
the same year, Li et al. claimed that K+ played an essential role
in breaking the periodic chemical structure of GCN through
introducing a new structural unit, cyano group, based on the
controlled experiments.17 In 2019, Xu et al. demonstrated that
KCl was to provide an inter-crystal conned space to guide the
growth of GCN with high crystalline, which was attributed to its
remarkably enhanced activity. The combination of the struc-
tural analyses and rst-principle calculations further revealed
that the high crystallinity sample was composed of chain-like
melon motifs with intercalated K+.11 Furthermore, in 2020, the
same group prepared a high crystalline sample via heating GCN
and KCl, and they observed that K+ were uniformly distributed
in bulk of GCN through the XPS measurement on the sample
exposed to Ar+. They also concluded that the light harvesting,
electron lifetime, charge separation and migration to the
material surface as well as photocatalytic activity were all
improved remarkably owing to K+ induced highly crystalline
structure.25 From those studies, it is found that the modication
mechanism of K+ or KCl on GCN is still unclear.

Herein, K+-doped GCNs were prepared via heating GCN
together with a certain amount of KCl at different calcination
temperatures. The as-prepared sample with a weight ratio of
0.75 of KCl to GCN heated at 560 °C (GCN-K0.75-560) possesses
H2 evolution rate about 14 times in comparison with that of the
pristine GCN. Experimental results demonstrate that the
enhanced photocatalytic activity is mainly ascribed to the high
crystallinity induced by K+ locating inside K+-doped sample.
And large adsorption capacity of K+-doped GCN for methylene
blue (MB) is also observed, which is due to the electrostatic
interaction between MB and K+-doped GCN.

In addition, the characterization data of the pristine GCN are
also displayed for reference. Besides, the introduction of K+ via
potassium hydrate, potassium salt with less thermal stability
(potassium carbonate, potassium sulfate, and potassium thio-
cyanate, etc.), and binary salts as well as molten salts containing
potassium halide is not discussed here because of the more
complicated process. The current study will be helpful for in-
depth understanding the modication mechanism of GCN by
K+. Meanwhile, this work puts forward to an alternative strategy
that crystalline GCN could be prepared using the current facile
and exible doping method under optimal synthetic conditions
(metal ion type, dosage of doping ion, calcination temperature,
and calcination time, etc.), instead of the molten salt method
which is more complicated but particularly popular recently.28
2 Experimental section
2.1 Samples

Melamine (>99.0%) was purchased from Sigma-Aldrich. Potas-
sium chloride (KCl, $99.5%) was purchased from Meryer
(Shanghai) Chemical Technology Co., Ltd. and ethanol ($95%)
was purchased from Beijing Tong Guang Fine Chemicals
Company. All chemical reagents were used as received without
further purication.
© 2023 The Author(s). Published by the Royal Society of Chemistry
2.2 Synthesis of graphitic carbon nitride (GCN)

GCN was prepared as follows (Scheme S1†). 2.0 g melamine was
placed in an alumina boat crucible covered with an aluminum
foil in a tube furnace and heated to 550 °C for 3 h at a ramping
rate of 2 °C min−1 in atmosphere. The resultant sample was
washed with deionized water, and dried at 60 °C in a vacuum
oven (−0.085 MPa) for 24 h, and then ground into ne powder
for further use.
2.3 Synthesis of K+-doped GCN samples (GCN-Kx-T)

According to the literature,25 a blend of GCN (400 mg) and
a certain amount of KCl was dispersed into 2 mL ethanol, and
ground altogether in an agate mortar till ethanol evaporated.
The resultant mixture was then placed in an alumina boat
crucible covered with an aluminum foil in a tube furnace and
heated to a preset temperature for 3 h at a ramping rate of 2 °
C min−1 in atmosphere. The obtained sample was ground into
ne power and dispersed in deionized water, and washed for
several times till the conductivity of the dispersion system kept
constant. The obtained precipitation was separated by centri-
fugation and dried at 60 °C in a vacuum oven (−0.085 MPa) for
24 h. The nal product was fully ground again and denoted as
GCN-Kx-T, and here x (x = 0, 0.25, 0.75, 1.0, 1.5 or 2.25) means
the weight ratio of KCl to GCN (400 mg), and T represents the
calcination temperature (T = 500, 530, 540, 550, 560, 570 or 580
°C). The preparation process of K+-doped sample is schemati-
cally illustrated in Scheme S1.†
2.4 Characterizations

Powder X-ray diffraction (XRD) was measured on a Shimadzu
XRD-7000 diffractometer with Cu radiation source (l = 1.54056
Å). The Fourier transform-infrared (FTIR) spectra were collected
on a Bruker Tensor 27 spectrometer. Raman spectra were
captured using a FT Raman spectrometer (laser source
1064 nm, VERTEX 70v&RAMII, Bruker). X-ray photoelectron
spectroscopy (XPS) was adopted by a Thermo ESCALab250Xi
electron spectrometer with Al radiation source. The C 1s peak
(284.8 eV) was referenced for all measurements. Scanning
electron microscopy (SEM, SU8010, and Hitachi) was used to
characterize the morphology of the sample, and the element
mapping as well as K+ content were measured by a SEM energy
dispersive spectrometer (SEM-EDS). K+ content was also ob-
tained by inductively coupled plasma optical emission spec-
trometry (ICP-OES, Thermo Scientic iCAP 7400).
Thermogravimetric Analyzer Q500 (TA Instrument company)
was used to investigate the thermal stability of the sample, and
the sample (about 10–20 mg with the mass precision ± 0.1 mg)
was measured under ramp mode (ramp to 800 °C at a ramping
rate of 10 °C min−1, N2 ow rate 40 mL min−1, platinum pan).

The UV-vis diffuse reectance spectra (DRS) were recorded
on a Shimadzu UV-2600 spectrophotometer, using BaSO4 as
a reference. The uorescence spectra were recorded on a Horiba
FluoroMax+ spectrophotometer, and the excitation wavelength
was set at 375 nm. Fluorescence decay curve was obtained under
375 nm excitation and 470 nm detection with a time-resolution
RSC Adv., 2023, 13, 9168–9179 | 9169



Fig. 1 XRD patterns of GCN and K+-doped GCNs (weight ratio of KCl/
GCN = 0.75) at different temperatures.
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of around 250 ps on a UV-vis near infrared spectrophotometer
(FLS980, Edinburgh). The Brunauer–Emmett–Teller (BET)
specic surface area was determined with a Belsorp-Mini II
equipment (MicrotracBEL) via measuring its N2 adsorption–
desorption isotherm at 77 K.

Electrochemical measurements including Mott–Schottky
curve, transient photocurrent response and electrochemical
impedance spectroscopy (EIS) were performed on an electro-
chemical workstation (CHI-660D, Shanghai Chenhua) with
a conventional three-electrode cell, which have been demon-
strated in detail previously.21 A Pt wire was used as a counter
electrode, and Ag/AgCl (3.0 M KCl) was used as a reference
electrode. To prepare the working electrode, 10 mg sample was
dispersed in a 200 mL Naon solution (5 wt%) to get a slurry, and
the as-prepared slurry was dropped onto the platinum–carbon
electrode, and then dried under an infrared lamp. Na2SO4

aqueous solution (0.5 M) was used as the electrolyte solution.
The transient photocurrent response was conducted under
a 420 nm LED lamp irradiation.

2.5 Photocatalytic hydrogen evolution test

According to the reported procedure,21 the photocatalytic H2

evolution rate of the sample was measured. In detail, 20 mg of
photocatalyst was dispersed in 100 mL aqueous solution, con-
taining 10 vol% TEOA (triethanolamine). Pt (3 wt%) cocatalyst
was photo-deposited on the surface of the catalyst powder
through adding H2PtCl6$6H2O into the 100 mL aqueous solu-
tion. A 300 W Xeon lamp (Microsolar300, PerfectLight, and
Beijing) with a 420 nm long path lter was used as a light
source. The air was completely removed before the reaction
aqueous solution was irradiated. A gas chromatography (GC-
2014C, Shimadzu) was used to determine the amount of H2

from photocatalytic reaction.

2.6 Photocatalytic degradation for methylene blue

Following the previously reported method,29 the photocatalytic
degradation reaction of methylene blue (MB) was conducted in
a Pyrex double-jacket reactor. The irradiation light source was
supplied by a 300 W Xeon lamp (Microsolar300, PerfectLight,
and Beijing) with a 420 nm long band-pass lter. A water bath
connected with a pump was used to keep the reaction temper-
ature at 25 °C. Typically, 20 mg photocatalyst was added into
100 mL of MB aqueous solution (10 mg L−1) and stirred for
30 min in the dark to achieve the adsorption desorption equi-
librium. Then 1 mL of MB solution was taken out at regular
intervals to measure its optical density at 665 nm on a Shi-
madzu UV-3600 spectrophotometer. I and I0 represent the
absorbance of the solution, which are proportional to the
concentration of the solution (C and C0).

3 Results and discussion

Fig. 1 shows the XRD patterns of GCN and K+-doped GCNs with
a xed weight ratio of 0.75 of KCl to GCN at different calcination
temperatures. For GCN, two characteristic peaks are observed.
The strong one at 27.4° represents the interplanar graphitic
9170 | RSC Adv., 2023, 13, 9168–9179
stacking (002) plane with an interlayer distance of ∼0.33 nm,
and the weak one at 12.8° represents the intralayer long-range
order packing (100) plane.30,31 For K+-doped GCNs, with the
increase of the calcination temperature (below 550 °C), the
intensities of both peaks gradually decrease, and the (002) peak
is broadened, indicating the reduction of the crystallinity. The
peak position and the corresponding FWHM of the (002) peak
for each sample are listed in Table S1.† As shown in Table S1,†
the (002) peak shis toward higher degree, indicating K+-doped
samples prepared at relatively higher temperature possess
narrower interlayer distance and more dense packing.17 The
narrower interlayer distance implies K+ would not get inserted
into the interlayer of K+-doped GCNs.18

To identify the factor leading to the decreased crystallinity,
the sample GCN-K0-550 without adding KCl was prepared at
550 °C, and its XRD prole is shown in Fig. S1.† The intensities
and positions of both peaks are nearly identical to those of GCN,
implying K+ plays a principle role in affecting the crystallinity of
K+-doped GCNs. Moreover, as seen from the XRD prole of
GCN-K0.75-550, the (100) peak disappears, and the (002) peak
presents the lowest intensity as well as the largest width.
However, for GCN-K0.75-560, interestingly, the (002) peak width
becomes extremely narrow, its intensity increases again and its
peak position shis to the maximum value 28.2°, suggesting
GCN-K0.75-560 with remarkably high crystallinity and the most
dense interlayer packing. In addition, the XRD pattern of GCN-
K0.75-560 exhibits a new weak peak at 7.9° assigned to the (110)
crystal facet, originating from the inserted K+ into the melon
chains of GCN.10,25 Since the loading of KCl remains constant,
the improved crystallinity of GCN-K0.75-560 is related to the
higher calcination temperature. The mass yields of K+-doped
GCNs at different temperatures are presented in Fig. S2,† which
© 2023 The Author(s). Published by the Royal Society of Chemistry



Paper RSC Advances
suggests a minimal amount of product is obtained if the calci-
nation temperature is higher than 560 °C. Thus, 560 °C is an
optimum temperature to prepare K+-doped GCN with high
crystallinity at the weight ratio of 0.75 of KCl to GCN. These
observations illustrate that K+ can cause a reduced crystallinity,
while also can cause an improved crystallinity at optimum
temperature. In the previous studies, the differences in crys-
tallinity of K+-doped samples reported by different research
groups might be caused by the differences in synthetic
temperature or furnace temperature.

The effect of KCl dosage on the crystallinity was also inves-
tigated. Fig. S3† shows the XRD patterns of K+-doped GCNs with
different weight ratios of KCl to GCN heated at 560 °C. It is
apparent that GCN-K0.75-560, GCN-K1.00-560 and GCN-K1.50-560
exhibit similarly high crystallinity, while GCN-K0.25-560 and
GCN-K2.25-560 exhibit lower crystallinity, which indicates too
little or too much KCl loading in the precursor mixture is not
helpful for the crystal growth at 560 °C.

In order to deeply examine K+ doping effect, we tentatively
chose three precursor mixtures with different weight ratios
(0.25, 0.75 and 2.25) of KCl to GCN, and heated them at 530 °C
and 560 °C, respectively, and then performed XRD, FTIR and
Raman measurements on the nal products. Fig. 2 shows the
XRD patterns of GCN and K+-doped GCNs at 530 °C and 560 °C.
Compared with K+-doped GCNs at 560 °C, three K+-doped GCNs
at 530 °C all exhibit remarkably reduced crystallinity. Therefore,
it is difficult to obtain K+-doped sample with improved crystal-
linity at relatively lower temperature.

Fig. 3 shows the FTIR spectra of K+-doped GCNs at 530 °C
and 560 °C together with GCN. The bands at 806 cm−1, 1200–
1800 cm−1, 3000–3700 cm−1 regions respectively correspond to
the breathing mode of heptazine units, the stretching modes of
aromatic CN heterocycles, the stretching modes of N–H and the
stretching modes of O–H arising from the adsorbed water on
the sample surface.32 However, compared to GCN, there are
three new peaks at 992 cm−1, 1155 cm−1, and 2175 cm−1
Fig. 2 XRD patterns of GCN and K+-doped GCNs at 530 °C (a) and 560

© 2023 The Author(s). Published by the Royal Society of Chemistry
appearing in the FTIR spectra of K+-doped GCNs. The two peaks
positioned at 992 cm−1 and 1155 cm−1 are assigned to the
symmetric and asymmetric vibrations of N–C2 bond of K–
NC2.19,33 To conrm the origin of N–C2 vibrations, GCN-K0.75-
560 was treated with 0.1 M HCl aqueous solution for 12 h, and
then dried at 60 °C. The FTIR spectrum of HCl-treated sample
(GCN-K0.75-560-HCl) is displayed in Fig. S4,† showing apparent
reduction of the two peaks aer HCl treatment. K+ contents of
GCN-K0.75-560 and GCN-K0.75-560-HCl are listed in Table S2†
based on SEM-EDS measurements, presenting greatly
decreased amount of K+ aer HCl treatment. Therefore, the
reduced amount of K+ accompanied by the weakened vibra-
tional peaks claries that the intensities of the two peaks are
strongly dependent on the amount of K+. As seen from Fig. 3,
both 992 cm−1 and 1155 cm−1 peaks are very weak for K+-doped
GCNs at 530 °C (Fig. 3(a)), while become remarkably strong for
K+-doped GCNs at 560 °C with more KCl loading (Fig. 3(b)).
Those phenomena imply that few K+ exist in K+-doped GCNs at
530 °C, while more K+ exist in K+-doped GCNs with more KCl
loading at 560 °C.

The peak positioned at 2175 cm−1 has been suggested to
originate from cyano group (–C^N).17,25 Ye et al. pointed out
that the appearance of –C^N is due to the tailoring of the
layered structure of GCN by K+.17 Fig. S4† shows the peak of –
C^N is much weaker for GCN-K0.75-560-HCl in comparison
with that of GCN-K0.75-560, which conrms again –C^N is
introduced by K+ doping, and the intensity of –C^N vibration
also depend on the amount of K+. As seen from Fig. 3, the –C^N
peak apparently appears in the FTIR spectra of all K+-doped
GCNs, indicating the tailoring function of K+ occurring in the
samples prepared both at 530 °C and at 560 °C. Based on the
above analysis, it is clear that the dependence of the spectral
intensity of –C^N on the amount of K+ is different from that of
N–C2, which suggests –C^N might dominantly exist in the
surface of K+-doped GCNs, while –C^N might mainly exist
inside of K+-doped GCNs. Zhang et al. systemically explored K+
°C (b).

RSC Adv., 2023, 13, 9168–9179 | 9171



Fig. 3 FTIR spectra of GCN and K+-doped GCNs at 530 °C (a) and 560 °C (b).

Fig. 4 Raman spectra (1064 nm excitation) of GCN and K+-doped GCNs at 530 °C (a) and 560 °C (b).

9172 | RSC Adv., 2023, 13, 9168–9179 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 K+ contents of K+-doped GCNs according to SEM-EDS
measurements

Sample K (at%)

GCN-K0.25-530 1.06 � 0.13
GCN-K0.75-530 1.58 � 0.10
GCN-K2.25-530 5.10 � 0.18
GCN-K0.25-560 2.55 � 0.37
GCN-K0.75-560 8.25 � 1.00
GCN-K2.25-560 9.86 � 0.51

Paper RSC Advances
concentrations in K+-doped GCN as a function of the calcina-
tion time, and conrmed that K+ could diffuse into the bulk
when the calcination time was sufficient.24 And their FTIR
spectra also presented apparent –C^N and N–C2 vibrations for
the K+-doped GCN sample with bulk K+.24 Therefore, it is further
suggested that K+ are dominantly distributed in the surface of
K+-doped GCNs prepared at 530 °C, while distributed both in
the surface and bulk of K+-doped GCNs prepared at 560 °C.
Besides, the appearance of 992 cm−1 and 1155 cm−1 peaks
could be an indicator to judge whether K+ enter into the bulk of
GCN.

Raman spectroscopy is a useful tool to analyse the structure
of solid materials.5 There are few discussions about Raman
spectra of GCN,5 and even fewer reports about Raman spectra of
K+-doped GCN. Fig. 4 presents the Raman spectra of GCN and
K+-doped GCNs at 530 °C and 560 °C. For GCN, the bands
positioned at 480 cm−1, 707 cm−1, 725 cm−1, 752 cm−1,
980 cm−1, 1100–1340 cm−1 and 1340–1740 cm−1 regions are
assigned as in-plane twisting vibrations of the heptazine,
heterocycle breathing 2 mode of the s-triazine ring, E′′ vibration,
the layer–layer deformation vibration, breathing 1 mode of the
s-triazine unit, ]C(sp2) bending vibrations and C–N vibrations
of aromatic secondary amines, respectively.32 As shown in
Fig. 4(a), the intensity ratio of 707 cm−1 peak to 725 cm−1 peak
apparently decreases for K+-doped GCNs at 530 °C in compar-
ison with that of GCN, suggesting the stronger structure
perturbation by K+,21 which is in line with their corresponding
XRD data in Fig. 2(a). Furthermore, a new peak at 2180 cm−1

appears in the Raman spectra of K+-doped GCNs at 530 °C,
which originates from –C^N by K+ doping. This observation is
in well consistent with their corresponding FTIR spectrum in
Fig. 3(a). Compared with the Raman spectrum of GCN, apart
from the 2180 cm−1 peak, other characteristic bands all appear
in the Raman spectra of K+-doped GCNs at 530 °C, suggesting
no dramatic structural change in them.

For K+-doped GCNs at 560 °C (Fig. 4(b)), the 2180 cm−1 peak
of –C^N also appears in their Raman spectra, in accordance
with their corresponding FTIR spectra in Fig. 3(b). However,
different from the Raman spectra of GCN and K+-doped GCNs at
530 °C, three peaks at 480 cm−1, 707 cm−1 and 752 cm−1

disappear, and a new peak at 737 cm−1 appears in the Raman
spectra of GCN-K0.75-560 and GCN-K2.25-560. Moreover, the
strongest peak of ]C(sp2) bending vibrations moves from
1234 cm−1 to 1165 cm−1, which are probably due to the inserted
K+ into the melon chains of GCN. Those tremendous changes in
the Raman spectra of GCN-K0.75-560 and GCN-K2.25-560 indicate
that their structure ordering has changed signicantly, which is
in good agreement of K+-doped GCN. Furthermore, the disap-
pearance of the in-plane twisting vibration of the heptazine at
480 cm−1 and the layer–layer deformation vibration at 752 cm−1

veries the highly ordered layer–layer stacking in GCN-K0.75-560
and GCN-K2.25-560, in good accordance with the densest inter-
layer packing resulted from their XRD data.

The above FTIR results suggest that the amount of K+ may be
different between K+-doped GCNs at 530 °C and K+-doped GCNs
at 560 °C, and then K+ content was measured by SEM-EDS and
listed in Table 1. For K+-doped GCNs with the same KCl loading,
© 2023 The Author(s). Published by the Royal Society of Chemistry
K+ content of the sample prepared at 560 °C is more than that of
the sample prepared at 530 °C, which indicates the higher
calcination temperature can promote K+ to enter into the bulk
of the sample, but the lower calcination temperature cannot.

Further increasing the KCl loading of K+-doped GCN at 560 °
C, K+ content tends to saturate. Combined with FTIR and XRD
results, it is proposed that K+ in the bulk of K+-doped GCNs at
560 °C not only cause the appearance of the N–C2 vibration in
their FTIR spectra, but also induce their improved crystallinity.

Since the doping effect of K+ closely correlates with the
calcination temperature, a thermal analysis of the KCl/GCN
mixture was carried out to investigate the changes in weight
of the sample as a function of the rising temperature. Fig. 5
presents the thermogravimetric analysis (TGA) and the deriva-
tive thermogravimetric (DTG) analysis plots of the precursor
mixture with a weight ratio of 0.75 of KCl to GCN, and the TGA
and DTG plots of GCN are also plotted for comparison. In
Fig. 5(a), the TGA curve of GCN shows a large step from 500 °C
to 645 °C, which represents a combination process involving
condensation and decomposition with a drastic weight loss.30

Accordingly, the DTG curve of GCN shows a distinct peak in the
same region. For KCl/GCN (=0.75) mixture in Fig. 5(b), the TGA
curve shows a step from 470 °C to 570 °C, a step from 570 °C to
634 °C, and a smaller step from 634 °C to 800 °C. The rst and
second steps represent the condensation and decomposition
process, and the third one represents the further decomposi-
tion. Accordingly, the rst and second intense peaks in the DTG
curve indicate the condensation and decomposition process
with a main weight loss and the weakest peak corresponds to
the further decomposition process with additional weight loss.

The signicant difference of the TGA or DTG proles
between GCN and KCl/GCN mixture suggests KCl could greatly
disturb the condensation and decomposition processes of the
mixture. Furthermore, as seen from the TGA and DTG plots of
KCl/GCN mixture, there is no obvious weight change at around
530 °C, but a signicant weight change at around 560 °C, and
then a great weight loss at higher temperature, which is in good
accordance with the mass yield results at different temperatures
(Fig. S2†).

To further explore the inuence of K+, GCN, GCN-K0.75-530
and GCN-K0.75-560 were characterized by XPS spectroscopy. As
shown in Fig. 6(a), the C 1s spectrum can be deconvoluted into
three components located at 284.8, 286.4 and 288.2 eV, corre-
sponding to the C species of the adventitious carbon, C–NHx,
and N–C]N coordination in the framework of GCN,
RSC Adv., 2023, 13, 9168–9179 | 9173



Fig. 5 TGA (black) and DTG (red) plots of GCN (a) and the mixture of KCl/GCN (b) under N2 atmosphere.

Fig. 6 C 1s (a), N 1s (b) XPS spectra of GCN, GCN-K0.75-530 and GCN-K0.75-560; K 2p (c) and Cl 2p (d) XPS spectra of GCN-K0.75-530 and GCN-
K0.75-560.

9174 | RSC Adv., 2023, 13, 9168–9179 © 2023 The Author(s). Published by the Royal Society of Chemistry
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respectively.28 Apparently, the 286.4 peak becomes stronger
aer K+ doping, which is suggested to be ascribed to the
introduction of –C^N,28 in consistent with the corresponding
FTIR and Raman data. In Fig. 6(b), the N 1s spectrum can be
deconvoluted into four peaks at 398.6 eV, 400.1 eV, 401.2 eV and
404.4 eV, which are assigned to the N species in N]C–N,
N–(C)3, N–Hx (and –C^N) and positive charge localization in
heptazine rings, respectively.24,28 The intensity ratio of the
401.2 eV peak to the 400.1 eV peak becomes slightly larger aer
K+ doping, which is probably due to the contribution of –C^N
(401.2 eV) in the K+-doped sample, and also in consistent with
their corresponding FTIR and Raman results.

In addition, the peak area of K 2p XPS spectrum of GCN-
K0.75-530 is apparently smaller than that of GCN-K0.75-560 as
shown in Fig. 6(c), suggesting less K+ in GCN-K0.75-530 (Table
S3†), which is in agreement with above SEM-EDS results.
However, the K+ content difference between GCN-K0.75-530 and
GCN-K0.75-560 from XPS measurement (3.87 at% and 5.88 at%
from Table S3†) is smaller than that from SEM-EDS measure-
ment (1.58 at% and 8.25 at% from Table 1), which is due to XPS
spectroscopy mainly detecting the surface layer element of the
sample. Thus, compared to GCN-K0.75-530, more bulk K+ in
GCN-K0.75-560 is conrmed again, which not only cause an
appearance of the N–C2 vibrations in the FTIR spectrum of
Scheme 1 The proposed transformation processes of GCN into GCN-K

Fig. 7 (a) UV-vis diffuse reflectance spectra (DRS) and the photographs
spectra and fluorescence decays (inset) of GCN, GCN-K0.75-530 and GC

© 2023 The Author(s). Published by the Royal Society of Chemistry
GCN-K0.75-560, but also lead to its higher crystallinity revealed
by XRD as well as Raman data. The K+ contents of GCN-K0.75-530
and GCN-K0.75-560 were also determined to be 10.3 wt% and
14.9 wt% by ICP-OES, further suggesting more K+ in GCN-K0.75-
560 than in GCN-K0.75-530. Besides, Cl 2p XPS spectra in
Fig. 6(d) together with Cl− contents listed in Table S3† indicate
trace Cl element were detected for both GCN-K0.75-530 and GCN-
K0.75-560, suggesting that the effect of Cl− is negligible.

The morphologies of GCN, GCN-K0.75-530 and GCN-K0.75-560
were also investigated with SEM (Fig. S5†). Their SEM images
present smaller and smaller pieces in order of GCN, GCN-K0.75-
530 and GCN-K0.75-560, which is in agreement with the previ-
ously reported K+-doped GCN nanosheets when using large
excess of KCl.26 Fig. S6† shows their SEM element mapping
images, suggesting the uniform distribution of C and N in GCN,
GCN-K0.75-530 and GCN-K0.75-560, as well as the uniform
distribution of K+ in GCN-K0.75-530 and GCN-K0.75-560.

Above systematically experimental results indicate that GCN-
K0.75-560 possesses higher crystallinity and more bulk K+

compared to GCN-K0.75-530, and then the respective trans-
formation processes of GCN into GCN-K0.75-530 and GCN-K0.75-
560 upon K+ doping are proposed and illustrated in Scheme 1.
For GCN-K0.75-530, K

+ in the surface layer play a role to disturb
its crystallization, while for GCN-K0.75-560, the inducing effect
0.75-530 and GCN-K0.75-560, respectively.

(inset) of GCN, GCN-K0.75-530 and GCN-K0.75-560; (b) fluorescence
N-K0.75-560.
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of bulk K+ is greater than the disturbing effect of surface K+,
which nally leads to its high crystallinity.

The inuence of K+ on the optical and electronic properties
of K+-doped GCN were also explored. Fig. 7(a) shows the UV-vis
diffuse reectance spectra (DRS) of GCN-K0.75-530 and GCN-
K0.75-560 together with GCN. Compared to GCN, the absorption
edge of the DRS spectra of GCN-K0.75-530 and GCN-K0.75-560
presents apparently red shi, which probably originates from
K+ doping and –C^N group,24,34 in consistent with their
respective colors shown in the inset. Moreover, from the
comparison of their DRS spectra, it is observed that the DRS
spectrum of GCN-K0.75-560 exhibits an abrupt absorption edge,
indicating its improved crystallinity and less defects,25 which is
in good accordance with its XRD and Raman results. Fig. 7(b)
presents the uorescence spectra and the uorescence decays
(inset) of GCN, GCN-K0.75-530 and GCN-K0.75-560, and the tting
parameters of their uorescence decays are listed in Table S4.†
The average uorescence lifetime of GCN is consistent with
previous report.35 As seen from Fig. 7(b), the uorescence
Fig. 8 Tauc plot curves (a), Mott–Schottky plots at 4000 Hz (b), valence
K0.75-530 and GCN-K0.75-560.
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emission intensity of GCN-K0.75-530 and GCN-K0.75-560 is much
smaller than that of GCN, which is in accordance with their
apparently reduced average uorescence lifetime. The great
doping effect of K+ on the uorescence properties of GCN-K0.75-
530 and GCN-K0.75-560 is also in consistent with the previous
results.11,21 Besides, compared to GCN-K0.75-530, the further
decrease of the uorescence intensity and the average uores-
cence lifetime is observed for GCN-K0.75-560, suggesting more
non-radiative contribution in it.

Fig. 8(a) presents the Tauc plot curves of GCN, GCN-K0.75-530
and GCN-K0.75-560, which are transformed from their corre-
sponding DRS spectra in Fig. 7(a), and the estimated band gaps
are shown in the inset. Fig. 8(b) shows the Mott–Schottky plots
of GCN, GCN-K0.75-530 and GCN-K0.75-560, and the derived at
band potentials are also displayed in the inset. The positive
slopes of the Mott–Schottky plot indicate that GCN, GCN-K0.75-
530 and GCN-K0.75-560 are n-type semiconductors, so that their
conduction band minimum (CBM) is close to their respective
at band potential. Fig. 8(c) presents the valence band (VB) XPS
band XPS spectra (c), and band structure diagram (d) for GCN, GCN-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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spectra of the three samples and their respective VB values are
also derived. Using their respective at band potentials and VB
values, the valence band maximum (VBM) positions of GCN,
GCN-K0.75-530 and GCN-K0.75-560 are deduced. Further utilizing
their optical band gap values, their corresponding CBM posi-
tions are derived.36 Thus, the electronic band structures for
GCN, GCN-K0.75-530 and GCN-K0.75-560 are constructed as
shown in Fig. 8(d). Apparently, the CBM positions (the driving
force for H2 evolution) of GCN, GCN-K0.75-530 and GCN-K0.75-
560 are quite similar, suggesting the negligible effect of K+ on
their CBM positions.

Photoelectrochemical measurements were also conducted to
investigate the change transport property of GCN, GCN-K0.75-
530 and GCN-K0.75-560. Fig. 9(a) shows their photocurrent
densities under 420 nm light illumination. GCN-K0.75-560
exhibits a signicant promotion of the photocurrent density
compared with GCN and GCN-K0.75-530. Fig. 9(b) shows the
smallest arc radius of the semiconductor Nyquist curve of
electrochemical impedance spectroscopy (EIS) of GCN, GCN-
Fig. 9 Transient photocurrent responses under visible light (420 nm) i
adsorption/desorption isotherms and BET surface area values (inset) (c) a
under visible light irradiation (>420 nm).

© 2023 The Author(s). Published by the Royal Society of Chemistry
K0.75-530 and GCN-K0.75-560, which is in consistent with their
corresponding photocurrent density. Photocatalytic efficiency is
closely related to the specic surface area of the photocatalyst.
Fig. 9(c) presents the BET nitrogen adsorption/desorption
isotherms of GCN, GCN-K0.75-530 and GCN-K0.75-560 and their
specic surface areas are determined to be 4.5, 6.0 and 8.3 m2

g−1, respectively. The specic surface area of GCN is consistent
with the previous report.37 The similar specic surface areas of
the three samples indicate K+ doping has minor effect on the
specic surface area under the current experimental conditions.
The photocatalytic H2 evolution over GCN and K+-doped GCNs
were evaluated under visible light irradiation (>420 nm). The H2

evolution rates for 20 mg of GCN, GCN-K0.75-530 and GCN-K0.75-
560 are displayed in Fig. 9(d), and the H2 evolution rates for
more samples are also displayed in Fig. S7 and Table S5.† GCN-
K0.75-560 possesses the highest photocatalytic activity among all
samples, and its H2 evolution rate is about 14 times as high as
that of GCN, andmore than 3 times as high as that of GCN-K0.75-
530. The H2 evolution rate of GCN-K0.75-530 is around 4 times as
llumination (a), electrochemical impedance spectra (b), BET nitrogen
nd H2 evolution rates (d) for GCN, GCN-K0.75-530 and GCN-K0.75-560

RSC Adv., 2023, 13, 9168–9179 | 9177



RSC Advances Paper
high as that of GCN. The trend of the H2 evolution rate for GCN,
GCN-K0.75-530 and GCN-K0.75-560 in Fig. 9(d) is in consistent
with the trend of their photocurrent density in Fig. 9(a). The
stability test of H2 evolution for GCN-K0.75-560 was further
performed as shown in Fig. S8.† Aer four consecutive photo-
catalytic reaction cycles, the H2 evolution rate of GCN-K0.75-560
did not decrease obviously, indicative of its well stability. The
slight difference in the FTIR spectra of GCN-K0.75-560 before
and aer the photocatalytic H2 evolution reaction (Fig. S9†)
further indicates its stable structure.

Since the specic surface areas and the CBM positions of
GCN, GCN-K0.75-530 and GCN-K0.75-560 are respectively similar,
the higher H2 evolution rate of GCN-K0.75-530 than GCN might
be ascribed to its surface –C^N groups, which were identied
to be the catalytically relevant sites for H2 generation.38,39 The
further increase of the H2 evolution rate for GCN-K0.75-560 is
suggested to be attributed to its higher crystallinity, which
would facilitate better separation and migration of photo-
generated charge carriers due to the less structural defects, and/
or facilitate better contact with Pt cocatalyst so as to more effi-
ciently utilizing the photogenerated free electrons during the
photocatalytic reaction. Then, it is in great need to investigate
the microscopic mechanism about the enhanced H2 evolution
rate of K+-doped GCN with high crystallinity with femtosecond
time-resolved transient spectroscopy.

Besides, the photocatalytic activity of GCN and K+-doped
GCNs was also evaluated by degradation of MB under l >
420 nm light illumination as shown in Fig. S10.† Compared to
GCN, GCN-K0.75-530 and GCN-K0.75-560 exhibit slightly better
photodegradation performance. However, it is observed that K+-
doped GCNs possess greater absorption capacity for MB than
GCN, which is attributed to the electrostatic interaction
between MB and K+-doped GCN.40 Moreover, GCN-K0.75-560 has
signicantly greater absorption capacity than GCN-K0.75-530, in
well agreement with the results that GCN-K0.75-560 contains
more K+ than GCN-K0.75-530 from the K+ content measure-
ments. The MB photodegradation stability test of GCN-K0.75-560
in Fig. S11† also indicates the good stability of GCN-K0.75-560.

4 Conclusions

In summary, a series of K+-doped GCN samples have been
prepared via heating the mixture of GCN and KCl through
changing the calcination temperature as well as the dosage of
KCl. Both XRD and Raman observations indicate that K+-doped
GCN with a weight ratio of 0.75 of KCl to GCN heated at 560 °C
(GCN-K0.75-560) presents apparently improved crystallinity,
while the one heated at 530 °C (GCN-K0.75-530) presents reduced
crystallinity. FTIR combined with the K+ content measurements
imply that K+ might be dominantly distributed in the surface of
GCN-K0.75-530, while distributed both in the surface and bulk of
GCN-K0.75-560. Thus, the improved crystallinity of GCN-K0.75-
560 is suggested to be due to the greater inducing effect of the
bulk K+ than the disturbing effect of the surface K+ in it, while
the reduced crystallinity of GCN-K0.75-530 is caused by the dis-
turbing effect of the surface K+ in it. Consequently, GCN-K0.75-
560 possesses distinct optical and photoelectrochemical
9178 | RSC Adv., 2023, 13, 9168–9179
properties when compared to GCN-K0.75-530. As a result, GCN-
K0.75-560 achieves around 14 times H2 evolution rate as high as
that of the pristine GCN, and around 3 times as high as that of
GCN-K0.75-530 under visible light irradiation. The distinguished
feature of GCN-K0.75-560 is suggested to be ascribed to its high
crystallinity induced by bulk K+. Besides, the remarkably greater
adsorption capacity of GCN-K0.75-560 for MB than that of GCN-
K0.75-530 again veries more K+ in GCN-K0.75-560 than in GCN-
K0.75-530. This study highlights the impact of bulk K+ on the
structure variation, optical, adsorption and photo-
electrochemical properties as well as the photocatalytic activity
of the ion-doped sample, and the current results could be
extended to other doping experiments as well as other metal
ions.
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