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ABSTRACT

Graphitic carbon nitride (g-C;N,) and its doped analogues have been studied over the past decade
in part due to their promising applications in heterogeneous photocatalysis, however, the effect of
doping on the photoconductivity is poorly understood. Herein, we investigate Cu doped g-C;N4
(Cu-g-C;N,) and demonstrate via EXAFS that Cu* incorporates as an individual ion. Time-
resolved optical pump terahertz probe (OPTP) spectroscopy was utilized to measure the ultrafast
photoconductivity in response to a 400 nm pump pulse and showed that the Cu* dopant
significantly enhances photoconductivity of the as-prepared powdered sample, which decays
within 10 ps. Furthermore, a film preparation technique was applied that further enhanced the
photoconductivity and induced a longer-lived photoconductive state with a lifetime on the order
of 100 ps. This study provides valuable insight into the ultrafast photoconductivity dynamics of g-

C;N, materials, which is essential toward developing efficient g-C;N, photocatalysts.
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Graphitic carbon nitride (g-C;Ny) is a 2D semiconductor that is of intense interest to the
field of photocatalysis due to its earth abundant elemental composition, stability, and numerous
applications, further complemented by a high degree of tunability with respect to modifications
that alter its light absorption and catalytic efficacy."* The unmodified material has a bandgap of
2.6 eV (corresponding to an absorption wavelength of 477 nm) and band positions appropriate for
both half reactions of water splitting.>” It has been used for the hydrogen evolution reaction,*’
photodegradation,*$1° and other reactions including CO, reduction’ and organic
transformations.'!'> Elemental doping has been widely applied to engineer the bandgap and
improve the photocatalytic efficacy of g-C;N, in these classes of photocatalytic reactions.>!3-7
Having advantages of high earth abundance and environmental friendliness, copper doping is
commonly used to enhance the photocatalytic performance of g-C;N,.513!1320 Despite these
promising applications in photocatalysis, understanding of the photon-initiated dynamics in g-
C;N, and its doped analogues, as they relate to photocatalytic performance, remains elusive.
Particularly, the photoconductivity, which is the property that directly affects the migration of
photogenerated carriers to catalytically active sites, has not been thoroughly investigated on the

femtosecond-picosecond timescales relevant to carrier dynamics.>'?

Due to its subpicosecond time resolution, sensitivity to mobile charge carriers, and
applicability to emerging classes of materials such as 2D materials and metal-organic
frameworks 23 optical pump terahertz (THz) probe spectroscopy (OPTP) is an excellent tool to
probe the photoconductivity of bulk g-C;N, in a contact-free manner. THz radiation is absorbed
by mobile carriers and its absorption is proportional to the product of their free carrier density and

mobility. Dynamic photoconductivity information such as the onset of photoconductivity, carrier



trapping, and recombination is gained by monitoring the change in THz transmission as a function

of delay of the excitation pulse.3!-*3

In this work, we investigate a promising photocatalyst material, g-C;N, doped with Cu (Cu-
g-C;Ny), alongside its undoped analogue. Using extended X-ray absorption fine structure
(EXAFS), we unambiguously demonstrate that the synthetic methods employed yield single-atom
Cu* sites anchored to the 2D layers of g-C;N,. The dopant modifies the UV-Visible absorption and
emission properties of the material. Via OPTP, we correlate these properties with the
photoconductivity dynamics and demonstrate that the single Cu atoms provide significant
photoconductivity improvement to g-C;N4. In addition to studying the bulk material, we
demonstrate that film fabrication methods employed have an even larger effect on the
photoconductivity and result in an increase of at least two orders of magnitude in the carrier
lifetime as well as more than doubling the magnitude of the photoconductivity in Cu-g-C;N4. These
results indicate that valuable information can be obtained by using OPTP to study g-C;N, materials
relevant to photocatalysis, thereby providing understanding and insight into improving their

photoconductivity.

Undoped g-C;N, and Cu-g-C;N, were prepared according to a previously published
procedure employing dicyandiamide, with the addition of CuCl,*2H,0 to synthesize the doped
sample.!* The synthetic methods employed are reported to give the desired 2D g-C;N, product
composed of repeating tri-s-triazine units.!*2435 The XRD pattern (Figure 1a) shows the expected
primary diffraction feature at 26 = 27.35° that is reported as the (002) plane and corresponds to an
interlayer distance of 3.35 A3 The diffraction observed at 28 = 13.0° is in agreement with

previous reports and assigned to an intralayer diffraction. The diffraction peak positions observed



in both g-C;N, and Cu-g-C;N, are consistent with a structure composed of repeating tri-s-triazine
units, suggesting that Cu incorporation does not alter the bulk structure of the material >> The
pXRD peaks were fit using a Lorentzian function (Figure 1a, inset and Table S1) yielding the result
that Cu-doping reduces the interlayer distance by approximately 0.02 A and also reduces the peak
FWHM by nearly 20%. This work also employed a strategy to prepare sintered films of g-C;N,
and Cu-g-C;N,4 using the methods of Ito et al.,** which are more relevant to photoelectrochemical
devices than a bulk powder. High-quality films are obtained (Figure S1) and the XRD results and
fitting analysis (Figure S2 and Table S1) show the main diffraction feature is shifted significantly
to 20=27.68°and 28=27.62°revealing a shortened interlayer distance due to film preparation and
reduction in the peak FWHM on the order of 20% compared to g-C;N, powder. Therefore, Cu-
doping of g-C;N, results in closer and more homogeneous stacking of the 2D sheets, and film

preparation has a similar effect.



a) 1.21 b)
— 1.0+ B
= T T I P Y T e T S
E", 0.8-
> 3 <
= : <06
3 5 04, 4 o
E - ¥ ¥y w4 xF L e mee=
‘ e | 0.2 R Cu Foil
26 292[7{1‘5@2925) 29 :0 00! Z ——Cu-g-C4N,
10 20 30 40 50 60 8970 8980 8990 9000 9010 9020
260 ( degrees) Energy (eV)

Figure 1. (a) XRD patterns of g-C;N, and Cu-g-C;N, powders. Inset: Enlarged region of main
XRD feature and Lorentzian best fits. (b) XANES spectra at the Cu K edge for Cu-g-C;N, (solid
line) and references (dashed lines). (c) The two proposed EXAFS models fit in this work, with the
left structure showing the anchoring of the Cu dopant to a single sheet and the right structure
showing the fit model, including nearby atoms from the sheet above. (d) R-space EXAFS spectra

and FEFF best fit lines for each fit model.

The local structure of the Cu dopant was investigated using X-ray absorption spectroscopy.
Using this technique, the X-ray absorption near edge structure (XANES) region can give insight

into the electronic structure and oxidation state of the probed atom and the extended X-ray



absorption fine structure (EXAFS) region can be analyzed to determine both the number of
photoelectron scattering interactions (interpreted as coordination number, N, in the first shell) and
interatomic distances, R, thereby providing insight into the electronic and local structure. The Cu
K edge XANES spectra of Cu-g-C;N, and reference samples are shown in Figure 1b. All spectra
show a strong feature on the rising edge corresponding to a dipole-allowed transition from 1s to a
partially bound state with significant 4p character.’” Absorption beyond this feature is also
associated with a 1s-4p transition into a continuum state. In the reference spectra, the position of
the peak and the absorption edge is observed to be highly dependent on oxidation state. The edge
positions were quantified (Figure S3a and Table S2) demonstrating the edge position of Cu-g-C;Ny
to be close to that of the Cu* reference, and we therefore assign the oxidation state of the Cu dopant
as Cu*. Cu-g-C;N; was measured alongside CuO and Cu,O references in XPS measurements,
further confirming the oxidation state as Cu* in both Cu-g-C;N, powder and film samples (Figure

S4).

Table 1. EXAFS best fit results for Cu-g-C;N,. Fit uncertainties given in parentheses and fixed
quantities denoted with an asterisk. N is the vector number, interpreted as coordination number in
the first shell, 0% is the Debye-Waller factor accounting for static and dynamic disorder, AE, is the

phase shift of the fit, and R is the fit vector distance, or interatomic distance for single scattering

events.
Model Vector N* o2 (A?) AE, (eV)* R (A)

Cu—N 2 0.005(5) 235 1.916(4)
Cu-C | 0.011(4) 489 2.46(2)

Model A/ N 2 0.009(5) -4.89 2.65(2)
Cu-C | 0.001* 489 2.81(3)
Cu—N 2 0.0045(1) 471 1.92(1)
Cu-C | 0.005" 824 2.04(3)

Model B~ 2 0.004(1) -4.66 278(1)
Cu-N-C 4 0.002" -4.66 2.81(5)




The intensity of the bound state 1s-4p transition observed on the edge is significantly more
intense for Cu-g-C;N, than the transitions observed in the reference data. Low-coordinate Cu*
species have been reported to display an intense feature on the edge due the splitting of the 4p, .,
molecular orbitals resulting in the observation of a 1s-4p,, transition on the edge separate from the
transition to the antibonding 4p, orbital.’” A preliminary EXAFS analysis found that the first shell
scattering was best represented by two nearest neighbors at approximately 1.9 A. Given this
preliminary analysis, two potential models could be constructed (Figure 1c¢) based on the reported
X-ray crystal structure.?® The models we constructed independently are also in agreement with a
literature report.?’ The quantitative EXAFS results are displayed in Table 1 and the fits are shown
in R-space (Figure 1d) and K-space (Figure S5). The second shell interactions observed in Cu-g-
C3N, agree well with scattering interactions with surrounding C or N atoms. In comparison, the
reference CuO and Cu,O R-space spectra (Figure S3b) show intense second shell features at a
longer distance and those features are dominated by Cu-Cu scattering. Despite its low coordination
number (N) of 2, the Cu atoms in Cu-g-C;N, evidently do not have any neighboring atoms besides
small C and N atoms in the 2D g-C;N, layers. Therefore, while neither model A nor B can be
definitively assigned, the EXAFS results demonstrate that Cu atoms in Cu-g-C;N, are best

described as low-coordinate single Cu* atoms anchored to the 2D layers of g-C;N,.
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Figure 2. (a) Kubelka-Munk transformed diffuse reflectance UV-Visible spectra for powder
samples and (b) film samples on quartz. Emission spectra of (c) powder and (d) film samples on
quartz under 380 nm excitation. Cu-g-C;N, emission spectra enlarged in (c-d) to show absence of

signal above the noise.

The UV-Visible spectra (Figure 2a,b) were measured in diffuse reflectance mode and
transformed via the Kubelka-Munk function as described in the SI. The powder (Figure 2a) and
film (Figure 2b) samples show nearly identical spectra. Tauc plots (Figure S6) determine a
bandgap of approximately 2.65 eV for undoped g-C;N, whereas Cu-g-C;N, has a smaller bandgap
and shows additional absorption throughout the visible region of the spectrum. Because Cu* is
typically d'°, it is unlikely that the additional transitions observed in the visible region are due to

transitions within the Cu d-manifold, suggesting that they involve an interaction with g-C;Ny. The



emission spectrum of g-C;N,powder is shown in Figure 2¢ where it is also shown that Cu-doping
fully quenches the emission after 380 nm above-bandgap excitation. Film g-C;N, (Figure 2d)
shows a different fluorescence line-shape and blue-shifted peak position (comparison in Figure
S7). In support of this result, previous reports have shown that the fluorescence spectrum is
composed of multiple components that each vary in intensity due to synthetic/processing
conditions, resulting in shifting of the fluorescence maximum.**-*! Full quenching due to Cu doping
is also observed in film samples (Figure 2d). Steady-state fluorescence quenching in doped g-
C;N, systems has been previously explained to be due to charge transfer after bandgap excitation
of g-C;N,.1544 Charge transfer transitions in the UV-Visible absorption spectra have been
reported and suggested to be metal-to-ligand charge transfer (MLCT) in nature in g-C;Ny
analogues containing a Cu species®* or Pt species.®*> A recent computational study reproduced
the change in bandgap and visible light absorption in Cu-g-C;N, compared to g-C;N, and further
found photoinduced electron depletion at Cu due to MLCT.* Therefore, we conclude that a charge
transfer state exists below the bandgap in Cu-g-C;N, wherein low-valent Cu* transfers charge to g-
C;N,, which should result in enhanced carrier density in g-C;N, and, therefore, enhanced

photoconductivity if those carriers are mobile (i.e. not trapped).

We investigated the photoconductivity of g-C;N, and Cu-g-C;N, using optical pump
terahertz probe spectroscopy (OPTP) as described in the Experimental Methods section (SI) and
Figure S8. The data was collected by monitoring the attenuation of the peak of the THz wave as
a function of pump time delay. Photoinduced attenuation of the THz pulse is a result of mobile
carriers being generated in the sample.®*#” The decay of the transient attenuation provides

information on trapping and/or recombination processes. Bulk powder samples without any further
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treatments were measured using the “tape cell” method described in the Experimental Section, and

the film samples on fused quartz were measured directly .2!48-0
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Figure 3. OPTP traces for (a) Cu-g-C;N, powder and (b) Cu-g-C;N, film. The data is shown as
open points and the fits as solid lines. Insets show the calculated distributions of the stretched time
constant. (¢c) THz-TDS spectra comparing g-C;N, and Cu-g-C;N, film samples. (d) TRTS

spectrum for Cu-g-C;N, film with Drude-Smith fit as solid lines.

OPTP results have not been published for g-C;N, previously. In the materials prepared for

this study, undoped g-C;N, powder consistently does not yield measurable signal (Figure S9a). In
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contrast, Cu-g-C;N, powder yields a clearly observable OPTP transient (Figure 3a). Thus, it is
seen that the presence of isolated Cu* ions in the material dramatically enhances the
photoconductivity. Taking the materials a step closer toward photocatalytic device applications,
films were prepared utilizing the preparation of Ito et al via doctor blading.*® For Cu-g-C;N, film
(Figure 3b), the magnitude of the peak THz attenuation is nearly double that of the powder,
suggesting that the film preparation methods further enhance the photoconductivity. In addition,
the film preparation procedure results in measurable photoconductivity for the undoped g-C;N4

film (Figure SOb).

In comparing the Cu-g-C;N, film data to the Cu-g-C;N, powder data, it is also observed
that the film preparation results in a long-lived OPTP component not observed in the powder. This
component is also observed in the undoped g-C;N, film data (Figure S9b). These qualitative

observations were quantified by fitting the OPTP decay to the models shown below:

(_(fpump—fo))ﬁ
—ATHz = |Agtretcn®"  “stretch & Gr(fwhm) (D)
[ (t —to)\P t -t
_M) (_ pump 0)
_ATHZ - Astretche Tstretch + Aze T2 ] ® GR (fWhm) (2)
T 1
®=3r(3) ®

Table 2. Fit Parameters for OPTP traces using Equations 1 and 2.

Sample GR (ps) Astretch Tstretch (ps) ﬁ A2 (7] (pS)
Cu-g-GN, 04 0074 045 057 - -
powder
Cu-g-GN, 04 -0.16 0.40 0.53 -0.009 119
film

12



Cu-g-C;N, powder data was fit using a single stretched exponential function (Equation 1)
to account for the heterogeneity in trapping and recombination processes that result in the decay
of the OPTP transient.’!*3 The best fit results are shown in Table 2, where A represents the
amplitude of the exponential, 7 represents the lifetime, and Grrepresents the fwhm of the Gaussian
instrument response function (IRF), and ® represents the convolution of the IRF with the fit
function. The stretched time constant (7,..,) for Cu-g-C;N, powder fit to 0.45 ps with a f value of
0.57. Using these parameters, the expectation value of the lifetime distribution can be determined
via Equation 3 as 0.80 ps. The Cu-g-C3Ns film, due to its longer lifetime, required an additional
non-stretched component as shown in Equation 2. The stretched component, ;... fit to 0.40 ps
with a f§ value of 0.53 yielding a mean stretched lifetime of 0.82 ps. This mean lifetime is in close
agreement with that of the powder Cu-g-C;N, sample, implying that while the magnitude of
photoconductivity is larger in the film, the dynamics are similar in the subpicosecond time regime.
The distributions of the stretched time constants are shown in the insets of Figures 3a-b and were
calculated using the methods reported by Elton.>! At longer delay times, however, Cu-g-C;N, film
fit with a T, value of 119 ps and this component was not present in the powder. Furthermore, the
undoped g-C;N, film data (Figure S9b) could be adequately described with Equation 2 and yielded
a T, value of 41.6 ps (Table S3). Therefore, the film preparation procedure results in enhancing the

photoconductivity lifetime by at least one order of magnitude compared to the powder sample.

Time-domain THz (THz-TDS) experiments were performed to determine the effect of Cu
incorporation on the complex refractive index in the absence of photoexcitation, as described
previously.*’»>34 Figure 3¢ shows that the refractive indices of the two materials are essentially
identical within error. Furthermore, the complex refractive index is rather temperature independent

(Figure S10). These two results imply negligible ground-state doping effects from Cu
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incorporation. The enhanced photoconductivity is therefore ascribed to a photodoping effect as
further investigated using frequency dependent time-resolved THz spectroscopy (TRTS) at a pump
delay of 1.4 ps, as described previously.’2#55 The Cu-g-C;N, film sample was sufficiently
photoconductive to yield clear TRTS data (Figure 3d). The complex photoconductivity was well-
modeled with the Drude-Smith equation as described in the SI and Table S4. In particular, the c-
parameter, or persistence of velocity parameter, fit to its limit of -1, suggesting that long-range

carrier transport in Cu-g-C;N, is affected by defects or grain boundaries .35

The film preparation procedure results in better intra-plane conductivity and/or inter-plane
conductivity as a result of better inter-plane contacts. The pXRD results showed closer and more
homogeneous stacking of the 2D layers. The fluorescence (Figure S7), XPS (Figures S11-S12)
and elemental analysis (Table S5) are suggestive of some electronic and compositional changes
due to film preparation, and further studies are required to definitively investigate this effect,
particularly with preparations well-suited to anisotropic measurements such as highly-oriented
films?>°® and/or computational methods* such that intra-plane and inter-plane photoconductivity

signals can be separated.

Importantly, a clear increase in photoconductivity due to the presence of Cu ions was
demonstrated in this work. These findings are corroborated by the improved photocurrent of Cu-
g-C;N, compared to that of g-C;N, in a three-electrode photoelectrochemical cell (Figure S13).
The structural characterizations herein demonstrated that Cu-doping resulted in a low-coordinate
Cu* species anchored to g-C;N, and gave significantly closer interlayer distances. Cu-doping of g-
C3N, also clearly imparts electronic structure changes via UV-Visible and fluorescence quenching.
Therefore, we find that Cu-doping plays a two-fold role in enhancing both the intra-plane

photoconductivity in g-CsN, via MLCT, which would increase the carrier density compared to
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undoped g-C;N,, and inter-plane photoconductivity via closer sheet-to-sheet contact. These
findings demonstrate that the photoconductivity of g-C;N, materials is highly tunable in the sub-
nanosecond time regime relevant to light harvesting and photocatalysis and that the improved
catalytic efficacy of Cu-doped g-C;N, materials is partly due to the enhanced photoconductivity,

in addition to the inclusion of a redox-active metal ion.

In conclusion, Cu* doping increased the photoconductivity in g-C;N4as measured by OPTP
spectroscopy. X-ray diffraction studies suggested that Cu doping did not significantly alter the
bulk structure of g-C;N, and resulted in closer and more homogeneous stacking of the 2D layers.
The dopant extended the UV-Visible absorption throughout the visible region of the spectrum due
to the presence of an MLCT transition as corroborated by fluorescence quenching. EXAFS
analysis showed that the local structure of the dopant is best described as a low-coordinate Cu+
species anchored to the 2D sheets of g-C;N,. OPTP experiments using 400 nm excitation showed
that the photoconductivity of the Cu-g-C;N4 powder decayed within 10 ps and was best described
as a heterogeneous process using a stretched exponential decay model. The film preparation
utilized yielded a minor photoconductivity component at least one order of magnitude longer than
that of the powder sample. These findings demonstrate that rich photoconductivity information
accessible by OPTP is present in the ultrafast time regime for g-C;N, and its doped analogues, and
that such studies provide important insights to propel further enhancement of g-C;N, toward

performing efficient photocatalysis reactions.
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cartesian coordinates for EXAFS model.
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