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Abstract 

To investigate the effects of graphene soil conditioner on nitrogen forms, nitrogen cycling enzyme 
activities of rhizosphere soil, and maize (Zea mays L.) yield and quality, a pot experiment with five 
treatments was conducted. Soil samples were collected at the jointing (V6), tasseling (VT), milking 
(R3), and maturing (R6) stages to determine soil physical properties, nitrogen forms, and nitrogen 
cycling enzyme activities, while maize yield and kernel protein components were also measured. The 
results showed that graphene application significantly reduced soil bulk density and increased the 
content of soil aggregates >0.25 mm. Medium-rate treatments (G2, G3) notably improved the 
geometric mean diameter (GMD), mean weight diameter (MWD), and water-stable aggregate (WSA) 
content, while decreasing the unstable aggregate index (ELT) and fractal dimension (D), confirming 
improved soil structure. Graphene regulated soil nitrogen pools (total N, alkaline-hydrolyzable N, 
ammonium N, and nitrate N) in a dose-dependent and stage-specific manner through adsorption, 
slow release, and catalytic mechanisms. Low-to-moderate concentrations consistently enhanced 
nitrogen availability during most growth stages, whereas excessive application showed diminished 
or inhibitory effects at later stages. Moderate graphene application (G2, G3) also effectively enhanced 
the activities of key nitrogen-metabolizing enzymes—including nitrate reductase (NR), nitrite 
reductase (NiR), protease, urease, and hydroxylamine reductase (HAR)—during critical growth 
periods, thereby promoting soil nitrogen transformation and maize nitrogen utilization. The G3 
treatment achieved the highest yield, increasing by 10.81% compared with the CF treatment. Kernel 
protein components (albumin, glutelin, and prolamin) exhibited an initial increase followed by a 
decrease with rising graphene rates, indicating an optimal response at moderate application levels. 
Considering the comprehensive improvements in soil structure, nitrogen regulation, enzyme 
activities, and crop performance, a graphene application rate of 2 g·kg−1 is recommended as the most 
effective for achieving sustainable soil quality improvement and high maize productivity. 

Keywords: graphene; nitrogen form; enzyme activities; soil conditioner; maize 
 

1. Introduction 

Black soil (Mollisol) is a valuable and non-renewable natural resource distinguished by high 
organic matter content, strong inherent fertility, and well-developed granular structure, providing 
an optimal environment for crop production. The Northeast Plain of China, one of the world’s three 
major contiguous black soil regions, is a critical maize (Zea mays L.) production area that contributes 
approximately 30% of China’s total maize output and is widely recognized as the “Golden Maize 
Belt” [1,2]. However, decades of intensive cultivation, continuous monoculture, and excessive 
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application of synthetic fertilizers have severely degraded the ecological quality of this black soil. 
Degradation is manifested as progressive topsoil thinning, deterioration of aggregate stability, 
nutrient imbalances, and soil acidification, collectively threatening crop productivity and long-term 
agricultural sustainability [3,4]. Given the inherent limitations of conventional agrochemical 
approaches, the integration of advanced functional nanomaterials into agricultural systems has 
emerged as a promising strategy for sustainable soil management and ecological restoration [5]. 

Graphene-based nanomaterials (GBNs) have demonstrated considerable potential in 
agriculture, including promoting plant growth, enhancing nutrient uptake, and improving stress 
tolerance at appropriate concentrations. GBNs have been shown to stimulate seed germination, root 
development, and biomass accumulation in crops such as maize, wheat, coriander, and watermelon 
by improving soil structure and nutrient availability [6]. The large specific surface area and chemical 
stability of graphene render it an effective nano-delivery platform for agrochemicals, enabling 
controlled release and reducing environmental pollution [7]. Additionally, graphene derivatives 
produced from agricultural waste can support circular agriculture by converting biomass into 
functional carbon materials [8]. However, GBNs exhibit biphasic dose–response effects: optimal 
concentrations promote growth and physiological functions such as photosynthesis and nitrogen 
metabolism, whereas excessive concentrations may induce phytotoxicity through oxidative stress 
and cellular damage [9]. Challenges persist in defining safe concentration thresholds across crop 
species and in developing cost-effective, scalable production methods for agricultural deployment. 

Nitrogen (N) is an essential macronutrient that governs photosynthetic capacity, dry matter 
accumulation, and ultimately determines crop yield and kernel nutritional quality, particularly 
protein composition [10]. In the soil, nitrogen cycles dynamically among organic complexes, plant-
available inorganic forms (ammonium, NH4+; nitrate, NO3−), and gaseous species. Global nitrogen use 
efficiency (NUE) in agriculture remains critically low, with crops assimilating only 30–40% of applied 
nitrogen. The unabsorbed surplus is lost through nitrate leaching into groundwater, ammonia 
volatilization, and denitrification-driven nitrous oxide emissions, causing both environmental 
pollution and greenhouse gas accumulation [11,12]. 

To address these inefficiencies, nanotechnology has introduced new possibilities for fertilizer 
formulation. Graphene, a two-dimensional carbon allotrope consisting of a single atomic layer of sp2-
hybridized carbon atoms arranged in a hexagonal lattice, has attracted extensive research attention 
[13]. Its exceptional physicochemical properties—including high electrical and thermal conductivity, 
large theoretical specific surface area (~2630 m2·g−1), superior mechanical strength, abundant 
nanoporosity, and tunable surface chemistry—make it a versatile functional material [14,15]. In 
agricultural contexts, low concentrations of graphene derivatives have been reported to act as 
biostimulants. For instance, hydrated graphene ribbons at 200 mg·L−1 promoted seed germination 
and root development in aged wheat seeds [16], while graphene quantum dots accelerated vegetative 
growth in coriander and garlic, and sulfonated graphene mitigated oxidative stress in maize by 
enhancing reactive oxygen species (ROS) scavenging [17]. 

Importantly, incorporating graphene as soil conditioner into conventional fertilizer matrices 
offers significant potential for improving soil nitrogen management. Graphene’s extensive surface 
area and electron-rich structure can modify soil colloidal interactions, enhance clay particle adhesion, 
and improve aggregate structure. It also serves as a nutrient reservoir, adsorbing transient nutrient 
ions via electrostatic interactions and buffering them against leaching and runoff [18]. The coupling 
of graphene with conventional fertilizers can impart slow-release characteristics that synchronize 
nitrogen availability with crop phenological demand, thereby reducing nutrient losses and 
supporting sustainable agricultural production [19]. 

The effects of graphene soil conditioner on soil nitrogen cycling and enzymatic processes are 
complex and multifaceted. Structurally, graphene’s functional groups can form stable complexes 
with soil NH4+-N, reducing ammonia volatilization and stabilizing the total nitrogen pool [20]. 
Biologically, graphene modulates extracellular enzyme activities in a dose-dependent manner. 
Certain concentrations can inhibit excessive nitrate reductase and urease activities, thereby slowing 
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urea hydrolysis and nitrification to prevent NO3− accumulation and leaching [20,21]. Conversely, low-
dose graphene has been shown to stimulate soil protease activity, facilitating steady mineralization 
of organic nitrogen into plant-available forms. These dual effects highlight a critical dose-dependent 
threshold: moderate applications tend to optimize soil microecology and nutrient retention, whereas 
excessive concentrations may induce microbial toxicity and disrupt nitrogen-cycling processes [22]. 

Despite accumulating evidence of graphene’s agricultural potential, significant knowledge gaps 
remain. Specifically, systematic investigations tracking how graphene influence the temporal 
dynamics of distinct nitrogen forms and nitrogen-cycling enzymes across the complete phenological 
lifecycle of a major crop are lacking. Moreover, research linking these microscopic soil-level changes 
to macroscopic outcomes—including maize yield components and grain nutritional quality in 
degraded black soils—remains scarce. Therefore, this study was designed to systematically evaluate 
the effects of varying graphene application rate on soil physical properties, nitrogen form 
transformations, nitrogen-cycling enzyme activities, and maize productivity and kernel quality. By 
establishing a coherent research framework—”graphene input → soil structural and enzymatic 
modulation → nitrogen transformation → crop nitrogen uptake → yield and quality improvement”—
this work aims to elucidate the underlying agronomic mechanisms and provide a theoretical basis 
and practical guidance for deploying carbon-based nanomaterials in sustainable nitrogen 
management and soil restoration. 

2. Materials and Methods 

2.1. Experimental Condition and Material 

Pot experiments were conducted in a controlled greenhouse at Heilongjiang Bayi Agricultural 
University during the 2023 and 2024 growing seasons. The maize (Zea mays L.) cultivar ‘Zhenjin 8’ 
was used as the experimental crop. The test soil was a typical chernozem (Mollisol) collected from 
the 0–20 cm topsoil layer in Suihua, Heilongjiang Province, China (126.98° E, 46.63° N). The baseline 
physicochemical properties of the air-dried soil were: available nitrogen (AN) 229.0 mg·kg−1, available 
phosphorus (AP) 33.3 mg·kg−1, available potassium (AK) 179.2 mg·kg−1, soil organic matter (SOM) 
17.1 g·kg−1, and pH 7.5. 

Graphene was purchased from Shuncheng Chemical Products Co., Ltd. (Zhengzhou, China). 
The graphene flakes had diameters of 10–20 µm and an average thickness of 1–3 nm. Morphological 
characterization was performed using a Field Emission Scanning Electron Microscope (FE-SEM, 
Model SU8010), and structural integrity was verified using a Renishaw inVia Reflex micro-Raman 
spectrometer. The characterization results are presented in Figure 1. Conventional basal fertilizers 
included urea (46% N), diammonium phosphate (18% N, 46% P2O5), and potassium sulfate (50% 
K2O), procured from the Yuntianhua Group (Heilongjiang, China). 

 

Figure 1. Characterization of graphene. (A) Scanning electron microscope images of graphene; (B) Raman spectra 
of graphene. 
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2.2. Experimental Design 

Prior to sowing, maize seeds were surface-sterilized with 5% hydrogen peroxide (H2O2) for 5 
minutes, rinsed three times with sterile distilled water, and soaked in distilled water for 10 hours to 
ensure uniform imbibition and synchronize germination. 

For soil substrate preparation, designated quantities of graphene were thoroughly homogenized 
with a basal fertilizer mixture formulated to supply 220 kg·hm−2 of N, 150 kg·hm−2 of P2O5, and 90 
kg·hm−2 of K2O. The graphene–fertilizer blend was then mixed with 1.0 kg of air-dried soil. Plastic 
pots (28 cm diameter × 30 cm height) were pre-filled with approximately 9.0 kg of air-dried soil, and 
the prepared graphene–soil mixture was uniformly layered on top. An additional 4.0 kg of air-dried 
soil was added to cover the mixture, and the surface was leveled. 

Five uniformly sized seeds were sown per pot and covered with 1.0 kg of topsoil. Throughout 
the experiment, soil moisture was maintained at an optimal level using a daily weighing method, 
avoiding both water stress and waterlogging. After germination, seedlings were thinned to retain 
one healthy, uniformly growing plant per pot. 

The experiment was arranged in a randomized block design. with five treatments: 0 g·kg−1 (CF, 
control), 1 g·kg−1 (G1), 2 g·kg−1 (G2), 5 g·kg−1 (G3), and 10 g·kg−1 (G4). Each treatment consisted of three 
biological replicates, with five pots per replicate. The experimental design is summarized in Table 1. 

Table 1. Experimental design. 

Test code Graphene amount (g·kg−1) 
CF 0 
G1 1 
G2 2 
G3 5 
G4 10 

2.3. Sample Collection and Processing 

Rhizosphere soil samples were collected at four key phenological stages: jointing (V6), tasseling 
(VT), milking (R3), and physiological maturity (R6). At each sampling event, soils from the 0–10 cm 
layer were collected using a three-point random sampling method. Subsamples were homogenized, 
cleared of visible root debris, and air-dried at room temperature for subsequent analysis of soil 
chemical properties and enzymatic activities. 

Maize plants were harvested at the R6 stage. Six representative ears per treatment were 
randomly selected for agronomic evaluation. A 200 g subsample of fresh kernels was oven-dried at 
85 °C to constant weight for moisture determination. Final grain yield was calculated and adjusted 
to 14% standard moisture content. 

2.4. Measurements and Analytical Methods 

2.4.1. Soil Bulk Weight 

At the maturity stage, undisturbed soil cores from the 0–10 cm topsoil layer were extracted using 
standard stainless-steel ring samplers (volume known). The cores were immediately sealed and 
transported to the laboratory to record their fresh weight. Subsequently, they were oven-dried at 105 ℃ to a constant weight. Soil bulk density (BD, g·cm−3) was calculated using equation (1): 

BD =Ws/V (1) 

where Ws represents the absolute dry weight of the soil (g), and V is the internal volume of the ring 
sampler (cm3). 
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2.4.2. Soil Aggregate Analysis 

Following the identical sampling protocol used for bulk density, undisturbed soil cores were 
collected, carefully extruded, and air-dried to an optimal workable moisture content. A 150 g 
homogenized aggregate subsample was then subjected to wet-sieving using a DM200-II aggregate 
analyzer (Shanghai, China). The subsample was passed through a descending series of sieves (5.00, 
2.00, 1.00, 0.50, and 0.25 mm). The sieve stack was vertically agitated in distilled water at a constant 
frequency of 30 strokes per minute for 30 minutes. Water-stable aggregates retained on each 
respective sieve were carefully washed into aluminum weigh boxes, allowed to precipitate, oven-
dried, and weighed. The structural stability indices of the aggregates—including mean weight 
diameter (MWD), geometric mean diameter (GMD), water-stable aggregate (WSA) proportion, 
unstable aggregate index (ELT), and fractal dimension (D)—were calculated utilizing standard 
pedological equations (2) through (6) [23]. 

MWD= ∑ mഥ i
n
i=1 di∑ mi

n
i=1

 (2) 

GMD=Exp ∑ (milndi)തതതതn
i=1∑ mi

n
i=1

 (3) 

ELT= MT-R0.25
MT

×100% (4) 

M(r<mഥ i)
MT

= ቀ mഥ i
xmax

ቁ3-D
 (5) 

WSA= R0.25
MT

 (6) 

(Note: Equations 2-6 remain structurally as represented in your original manuscript, with 
variables defined as: mi is the mass of aggregate fraction i (g), di is the mean diameter of aggregate 
fraction i (mm), n denotes the number of aggregate size fractions, M (r≤mi ) is the cumulative mass 
of aggregates with diameters less than or equal to mi, MT is total weight of aggregates, and R0.25 is 
macroaggregates with diameters greater than>0.25 mm.) 

2.4.3. Determination of Different Forms Nitrogen Content in Soil 

Total nitrogen (TN) in the soil was quantified using the classic micro-Kjeldahl digestion and 
distillation method [24]. Alkaline-hydrolyzable nitrogen (AN), representing the readily plant-
available N pool, was assessed via the alkaline diffusion method [25]. To determine inorganic 
nitrogen forms, soil samples were extracted using a 2 M potassium chloride (KCl) solution; the extract 
was then analyzed for ammonium nitrogen (NH4+-N) via indophenol blue colorimetry. Nitrate 
nitrogen (NO3−-N) content was determined using the phenol disulfonic acid colorimetric assay [26]. 

2.4.4. Determination of Enzyme Activities in Soil 

Soil enzymatic activities were measured using standard colorimetric techniques. Urease and 
protease activities were determined via indophenol blue colorimetry and ninhydrin colorimetry, 
respectively [27]. Nitrate reductase (NR) activity was quantified using phenol disulfonic acid 
colorimetry [28], while nitrite reductase (NiR) activity was evaluated using visible 
spectrophotometry at specific absorbance wavelengths [29]. Hydroxylamine reductase (HAR) 
activity was analyzed employing the ammonium ferric sulfate-phenanthroline reduction method 
[30]. 

2.4.5. Determination of Maize Kernel Quality Indicators 

Kernel sucrose content was analyzed according to the extraction and colorimetric protocol 
described by Nayyar et al. [31]. Soluble sugar and total starch contents were quantified utilizing the 
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anthrone-sulfuric acid colorimetric method, with absorbance read at 620 nm . Crude fat content was 
extracted and measured using standard Soxhlet extraction [9]. Total kernel protein and its specific 
storage components (albumin, globulin, prolamin, and glutelin) were systematically fractionated and 
quantified utilizing the Kjeldahl nitrogen method and the Coomassie brilliant blue G-250 dye-binding 
assay, respectively [32]. 

2.5. Data Analysis 

All data were compiled and pre-processed using Microsoft Excel 2013. Statistical analyses were 
performed using SPSS version 25.0 (IBM Corp., Armonk, NY, USA). One-way analysis of variance 
(ANOVA) was used to evaluate treatment effects. When significant differences were detected, means 
were compared using Duncan’s Multiple Range Test at p < 0.05. Data were graphically presented to 
illustrate treatment differences and dynamic trends. 

3. Results 

3.1. Characterization of Graphene 

To The microstructural and chemical properties of the graphene used in this study were 
confirmed through high-resolution morphological and spectroscopic analyses. Field Emission 
Scanning Electron Microscopy (FE-SEM) (Figure 1A) revealed that the graphene samples exhibited a 
uniform, ultra-thin, two-dimensional sheet-like morphology. Overlapping and slightly folded sheet 
margins characteristic of high-quality graphene were clearly observed, indicating a large specific 
surface area favorable for soil nutrient adsorption and microbial interaction. Micro-Raman 
spectroscopy (Figure 1B) displayed two characteristic bands of carbonaceous nanomaterials: the D 
band at approximately 1343 cm−1 and the G band at approximately 1580 cm−1. The G band corresponds 
to the in-plane vibrational modes of sp2-hybridized carbon atoms, reflecting graphitic structural 
integrity, whereas the D band indicates structural defects, edge effects, and lattice vacancies. The co-
existence of both bands confirmed that the material retains a well-ordered graphitic framework while 
possessing sufficient edge defects and active sites for functional interactions within the soil–
rhizosphere environment. 

3.2. Effects of Graphene on Bulk Density and Aggregate Size Distribution of Soil 

The incorporation of graphene induced significant alterations in the physical properties of 
rhizosphere soil at the maturity stage. As shown in Figure 2A, graphene application consistently 
reduced soil compaction. Compared with the chemical fertilizer (CF) control, soil bulk density was 
significantly lowered across all graphene treatments, with reductions of 12.80%, 8.43%, 10.89%, and 
7.18% for G1, G2, G3, and G4, respectively. Differences among the moderate-to-high application rates 
(G2, G3, and G4) were statistically non-significant, suggesting that a saturation point for physical 
loosening is reached at medium dosages. 

Graphene also substantially remodeled soil aggregate size distribution (Figure 2B). 
Macroaggregates (>0.25 mm), which are a primary indicator of soil structural health and erosion 
resistance, were significantly enriched by all graphene treatments (G1–G4) relative to the CF control. 
Specifically, the G1, G2, and G3 treatments increased the 0.25-0.5 mm fraction by 14.45%, 28.28%, and 
28.36%, respectively. For the 0.5-1 mm category, the G1 and G4 treatments showed significant 
increases of 14.76% and 15.95%. The most pronounced improvements were observed in the 1-2 mm 
macroaggregate class, with sequential increases of 24.39%, 28.13%, 41.75%, and 53.22% for G1 
through G4, displaying a clear dose-dependent trend. For larger aggregates (2-5 mm and >5 mm), the 
medium-to-high treatments (G2, G3, G4) were particularly effective. The 2-5 mm fraction increased 
by 25.07%, 38.72%, and 46.75% for G2, G3, and G4, while the >5 mm fraction expanded by 32.60%, 
39.18%, and 18.87%, respectively, identifying G3 as the optimal treatment for promoting large 
aggregate formation. 
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Figure 2. Effect of graphene on soil bulk density and aggregate size distribution. Different lowercase letters 
above error bars indicate significant difference among treatments (p<0.05, LSD test). 

These structural changes were quantitatively validated through aggregate stability indices 
(Table 2). The G2 and G3 treatments significantly increased the geometric mean diameter (GMD) by 
29.82% and 46.41%, and the mean weight diameter (MWD) by 18.25% and 21.16%, respectively, 
relative to the CF baseline. The water-stable aggregate (WSA) proportion increased by 45.68% to 
91.77% across G1–G4 treatments. Correspondingly, the unstable aggregate index (ELT) and fractal 
dimension (D) decreased significantly, with ELT declining by 1.72%–2.94% and D declining by 
3.05%–8.49% under graphene application. 

Table 2. Effect of different graphene treatments on soil water-stable aggregate stability indexes. Data are 
represented the mean ± SE. Different lowercase letters above error bars indicate significant difference among 
treatments (p<0.05, LSD test). 

Treatment GMD (mm) MWD (mm) WSA (%) ELT  (%) D 
CF 0.235±0.008cd  0.378±0.024b 0.243±0.015d 91.384±2.510b 3.452±0.074a 
G1 0.258±0.012c 0.363±0.043b 0.402±0.028b   92.558±2.277a 3.279±0.125bc 
G2 0.305±0.023b 0.447±0.023a 0.428±0.014b  89.172±2.630d 3.203±0.065c 
G3 0.343±0.028a 0..458±0.023a 0.466±0.012a  89.114±2.148d 3.181±0.103c 
G4 0.250±0.015c 0.340±0.028bc 0.354±0.011c 90.293±1.307c 3.355±0.198b 

Correlation analysis (Figure 3) further clarified these physical interdependencies. Soil bulk 
density (BD) showed a significant positive correlation with fractal dimension (D), and significant 
negative correlations with GMD and WSA. MWD was positively correlated with WSA and GMD, 
and negatively correlated with ELT and D. These results collectively demonstrate that graphene 
improves soil physical quality by reducing structural instability (ELT and D) while enhancing 
aggregate stability indices (WSA, GMD, MWD), thereby promoting better soil aeration and root 
penetrability. 
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Figure 3. Correlation analysis among soil physical properties indicators. 

3.3. Effects of Graphene on Different Forms Soil Nitrogen 

Graphene soil conditioner exerted dynamic, stage-specific, and dose-dependent regulatory 
effects on diverse soil nitrogen pools throughout the maize lifecycle (Figure 4). 

Total nitrogen (TN) content (Figure 4A) exhibited a general temporal decline from the jointing 
stage (V6) to the tasseling stage (VT), followed by gradual stabilization through the maturing stage 
(R6). Throughout this period, TN levels under the G2 and G3 treatments were consistently and 
significantly higher than those under CF and G4, indicating that moderate graphene concentrations 
effectively retain total soil nitrogen and prevent premature depletion. 

Alkaline-hydrolyzable nitrogen (AN), an indicator of readily available nitrogen for plant uptake, 
displayed marked stage-dependence (Figure 4B). During the early (V6) and terminal (R6) stages, low-
to-medium graphene treatments (G1–G3) significantly increased soil AN by 6.11%–16.12% compared 
with the control, demonstrating effective nutrient preservation. The high-concentration G4 treatment 
did not differ significantly from CF at these stages. During the critical reproductive phases (VT and 
R3), all graphene treatments significantly increased AN content by 6.57%–11.01% without significant 
intra-group differences, ensuring elevated nitrogen availability during the period of peak biological 
demand. 

Ammonium nitrogen (NH4+-N) displayed a parabolic “rise-then-decline” trajectory across the 
four sampling periods (Figure 4C). At the V6 stage, all graphene treatments significantly elevated 
NH4+-N relative to CF. At the VT stage, G1 and G2 maintained significant promotion of NH4+-N 
accumulation, while the efficacy of G4 began to attenuate. By the R6 stage, the G4 treatment had 
completely lost its promoting effect and exhibited an inhibitory trend on NH4+-N retention, 
underscoring the risks of excessive graphene application. 

Nitrate nitrogen (NO3−-N), the primary mobile nitrogen source for upland crops, followed an 
“initial surge followed by gradual depletion” pattern (Figure 4D). The VT stage represented the 
critical window for NO3−-N accumulation, during which all graphene treatments (G1–G4) 
significantly increased the NO3−-N pool by 28.42%–32.85% over the CF baseline. During the late-
season R3 and R6 stages, the medium doses (G2, G3) maintained a stable promoting effect on NO3−-
N, whereas the regulatory capacity of G4 diminished significantly. These findings suggest that 
moderate graphene effectively buffers nitrate against mid-season leaching while sustaining its steady 
release. 
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Figure 4. Effect of graphene on different forms nitrogen content in soil. Different lowercase letters above error 
bars indicate significant difference among treatments (p<0.05, LSD test). 

3.4. Effects of Graphene on Soil Enzyme Activity 

Soil extracellular enzymes serve as the catalytic drivers of nitrogen cycling. Graphene 
introduction induced stage-specific modulations of these biocatalysts (Figure 5). 

Nitrate reductase (NR) activity displayed a single-peak dynamic, rising to a maximum at VT and 
declining toward maturity (Figure 5A). Relative to CF, graphene consistently elevated NR activity, 
with the most notable enhancements during the vegetative and early reproductive phases. At V6, all 
graphene treatments significantly increased NR activity. At the VT stage, the G3 treatment induced 
the highest NR activity, significantly exceeding all other treatments and providing strong metabolic 
support for reproductive development. During R3, despite an overall physiological decline, G1, G2, 
and G3 continued to exceed CF significantly. By R6, graphene-mediated NR enhancement effectively 
ceased, mirroring the physiological decline in crop nitrogen demand. 

Nitrite reductase (NiR) activity closely paralleled the NR dynamics (Figure 5B). The V6 stage 
showed significant enzymatic activation under G1–G3, with G3 exhibiting the maximum activity. At 
VT, G2 and G3 maintained optimal NiR performance, facilitating nitrogen reduction and preventing 
localized nitrite accumulation. This advantage persisted through R3 but diminished by R6, 
confirming that graphene’s enzymatic modulation is responsive to the crop’s physiological rhythms. 

Urease activity exhibited a more complex response (Figure 5C). At V6, G2 and G3 were 
significantly higher than CF. The VT stage revealed pronounced dose-dependent divergence: G1–G3 
significantly elevated urease activity above the baseline, whereas G4 drastically inhibited urease 
function, falling below the CF level. This suggests potential nanotoxicity or steric blockage of enzyme 
active sites at high graphene concentrations. Throughout R3 and R6, moderate graphene treatments 
(G2, G3) consistently maintained a functional advantage over CF. 

Protease activity, which drives organic nitrogen decomposition, also followed a single-peak 
trajectory (Figure 5D). At VT, G1–G3 significantly increased protease activity by 7.33%–23.90% over 
CF. During R3, G2 retained the highest residual activity. By R6, G1–G3 maintained protease activity 
13.91%–22.30% above CF, while G4 was indistinguishable from the control. 

Hydroxylamine reductase (HAR) activity followed similar trends (Figure 5E). At VT, G3 
achieved the highest HAR activity. The most pronounced residual effects were at R3, where G2–G4 
maintained levels 57.89%–88.20% higher than CF. By R6, the G4 effect had dissipated, while G2 and 
G3 sustained prolonged enzymatic enhancement. 
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Figure 5. Effect of graphene on soil enzyme activities. Different lowercase letters above error bars indicate 
significant differences among treatments (p<0.05, LSD test). 

3.5. Effects of Graphene on Ear Traits and Yield of Maize 

As shown in Table 3, graphene application induced targeted morphological enhancements in 
the maize ear. While ear length remained statistically uniform across treatments, ear diameter was 
significantly increased by 11.54% and 11.35% under the G2 and G3 treatments, respectively, 
compared with CF. The bald tip length, an indicator of poor apical pollination or nutrient 
insufficiency, was significantly reduced by 19.15% and 15.14% under G2 and G3. 

Yield components were similarly improved. The number of kernels per row increased 
significantly by 7.71% under G3, and cob diameter expanded by 21.19% under G3. Collectively, these 
improvements resulted in a definitive yield advantage: the G3 treatment achieved the highest maize 
yield per plant, with a significant increase of 10.81% over CF. 

Table 3. Effects of graphene on yield and ear characteristics in maize in maturity. Data represent the mean±SE. 
Different lowercase letters above error bars indicate significant difference between treatment (p<0.05, LSD test). 

Treatments CF G1 G2 G3 G4 
Ear length (cm) 20.00±1.00 a 20.67±0.29 a 20.78±0.29 a 21.45±0.32a 19.88±1.00 a 

Ear diameter(mm) 47.22±0.77 b 46.78±1.58 b 52.67±2.08 a 52.58±1.84a 47.47±2.25 b 
Bald length (cm) 3.50±0.50 a 3.50±0.50 a 2.83±0.76 b 2.97±0.42b 3.50±0.50 a 
Kernels number 

of row 35.67±0.58 b 35.33±0.58 b 38.00±0.24 a 38.42±0.68a 36.67±1.15 b 

Row number of 
ear 

16.37±2.06 a 15.33±1.15 b 16.24±0.13 a 16.78±0.82a 16.67±3.16 a 
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Cob diameter 
(mm) 24.30±1.57 b 25.47±1.42 b 29.07±0.83 a 29.45±0.76a 27.20±2.36 ab 

Cob weight (g) 38.94±0.68 a 37.48±0.44 b 37.78±0.61 b 38.34±0.42a 36.99±0.58 b 
Yield (g·plant-1) 179.35±6.31 b 183.66±3.16 ab 191.65±4.47 a 198.74±5.41a 184.57±3.38 ab 

Path analysis was conducted to elucidate the relationships between yield (Y) and its primary 
components: ear row number (X1), kernels per row (X2), and 100-kernel weight (X3) (Table 4). Ear 
row number (X1) was identified as the primary driver of yield, with the highest significant positive 
correlation coefficient (0.589*) and the largest direct path coefficient (0.417), supplemented by a 
positive indirect effect (0.138) through 100-kernel weight. The 100-kernel weight (X3) emerged as the 
second most important factor, with a correlation of 0.572* and a direct path coefficient of 0.428. The 
number of kernels per row (X2) had minimal direct influence (0.085) and a non-significant correlation 
(0.298). These results indicate that graphene enhances maize yield primarily through increasing ear 
row number and 100-kernel weight. 

Table 4. Path analysis on yield and yield components in maize. 

Index 
Correlation 
coefficient 

Direct path 
coefficient 

Indirect path coefficient 
X1-Y X2-Y X3-Y 

Ear row number (X1) 0.589* 0.417 - 0.034 0.138 
Kernel number per 

row (X2) 
0.298 0.085 0.168 - 0.045 

100-kernel weight 
(X3) 0.572* 0.428 0.135 0.009 - 

3.6. Effects of Graphene on Protein Components and Quality Index of Kernel 

The nutritional composition of maize kernels was significantly influenced by graphene-
mediated nitrogen dynamics. Analysis of storage protein fractions (Figure 6) revealed that albumin, 
glutelin, and prolamin contents followed a parabolic response curve, initially increasing to a peak at 
moderate graphene levels before declining at high application rates. Globulin content showed no 
significant variation across treatments. 
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Figure 6. Effects of graphene on protein components in maize kernel. Different lowercase letters above error bars 
indicate significant difference between treatment (p<0.05, LSD test). 

Assessment of kernel quality indices (Figure 7) confirmed substantial biochemical changes. 
Soluble sugar content (Figure 7A) increased significantly by 23.08%, 23.98%, and 17.69% under G2, 
G3, and G4 treatments, respectively. Total crude protein content (Figure 7B) increased by 7.81%–
16.33% across all graphene treatments, linking enhanced soil nitrogen retention to kernel protein 
synthesis. Crude fat (Figure 7C) showed moderate, significant elevations of 3.49%–9.62%, following 
the parabolic trend. Sucrose content (Figure 7D) responded selectively to moderate graphene 
application, with only G2 and G3 achieving significant increases of 27.7% and 29.1%. 

Carbohydrate composition within the kernel was markedly restructured. Graphene treatments 
universally increased amylose content by 10.28%–19.16% (Figure 7E). In contrast, amylopectin 
content declined dose-dependently, with significant reductions of 11.38%–29.89% across G1–G4. 
Total starch content (Figure 7F) also decreased significantly by 4.22%–14.39% across treatments. This 
pattern indicates a metabolic trade-off in which graphene-enhanced nitrogen availability 
preferentially supports protein and soluble sugar synthesis at the expense of starch accumulation. 
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Figure 7. Effect of graphene on quality of maize kernel. Different lowercase letters above error bars indicate 
significant difference between treatment (p<0.05, LSD test). 

4. Discussion 

4.1. Mechanisms of Graphene on Soil Physical Restructuring 

Soil structural integrity, governed by bulk density and aggregate stability, establishes the 
fundamental physical environment for root growth, gas exchange, and water dynamics. Owing to its 
porous nano-architecture and large specific surface area, graphene functions as an active soil 
conditioner rather than a passive additive [33,34]. Our results demonstrated that graphene 
application systematically reduced soil bulk density by 7.18%–12.80% and improved soil aggregate 
stability. Although the physical dilution effect—arising from the much lower bulk density of 
graphene (~0.12 g·cm−3) compared with native chernozem (1.20–1.40 g·cm−3)—may partly account for 
bulk density reduction, the mechanisms are more complex [35]. 

The primary mechanism involves graphene acting as a biogeochemical nucleating agent for 
aggregate formation. Water-stable macroaggregates (>0.25 mm) are essential for root penetration, 
aerobic respiration, and moisture regulation [36]. Our results showed that graphene promoted the 
formation and stabilization of macroaggregates, with peak GMD and MWD values under the G3 
treatment indicating optimal structural enhancement [22]. When dispersed within the soil matrix, 
graphene’s vast surface area and oxygen-containing functional groups adsorb dissolved organic 
compounds, humic acids, and free inorganic cations, initiating the formation of organic–inorganic 
composite complexes that bind dispersed mineral particles into water-stable macroaggregates [37]. 
Additionally, carbon-rich nanomaterial inputs stimulate microbial proliferation, and the resulting 
extracellular polymeric substances (EPS) further bind soil particles, reducing both fractal dimension 
(D) and the unstable aggregate index (ELT) [38]. Consequently, graphene constructs an optimized 
porous soil matrix that provides favorable hydrothermal and gaseous conditions for maize root 
development [39]. 
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4.2. Regulatory Dynamics of Graphene on the Soil Nitrogen Cycle 

Beyond physical improvement, graphene serves as soil conditioner for nitrogen fertilizers, 
addressing the chronic problems of rapid nutrient leaching and ammonia volatilization associated 
with conventional fertilization [30]. Standard application of urea and diammonium phosphate 
frequently produces acute nitrogen spikes that exceed immediate crop uptake capacity [41]. When 
graphene is incorporated into the fertilization regime, its cation/anion exchange capacity and large 
electrostatic surface area effectively trap nitrogenous ions and water molecules [4,42]. 

In our study spanning the V6 to R6 stages, total nitrogen exhibited a natural temporal decline 
consistent with crop extraction and continuous consumption of the available nitrogen pool. However, 
the critical differentiation emerged within bioavailable fractions. Low-to-medium graphene 
treatments consistently maintained significantly higher concentrations of alkaline-hydrolyzable 
nitrogen (AN), ammonium (NH4+-N), and nitrate (NO3−-N) during key physiological windows. This 
is attributed to a slow-release effect: graphene physically sequesters NH4+ through electrostatic 
interactions with its negatively charged surface functional groups and retains NO3− within nanoscale 
pores, protecting these ions from leaching [43] and volatilization [44]. 

Importantly, this retention is kinetically synchronized with crop demand rather than permanent. 
The targeted surge of NO3−-N during the VT stage illustrates a delayed release mechanism that 
matches the peak nitrogen requirement for inflorescence development and kernel initiation [41]. 
Increased NH4+-N is further supported by graphene’s indirect stimulation of ammonifying microbial 
communities, accelerating organic nitrogen conversion to plant-available ammonium [45]. However, 
the extreme application rate (G4) frequently exhibited functional attenuation or inhibition of 
bioavailable nitrogen in late stages (R6). This suggests that excessive graphene may cause irreversible 
physical adsorption of nutrients, rendering them biologically inaccessible, or induce mild 
nanotoxicity that suppresses microbial nitrogen mineralization [46]. Thus, moderate graphene 
application optimizes the kinetic transformation, spatial distribution, and lifecycle-synchronized 
availability of the soil nitrogen pool rather than simply increasing total nitrogen reserves [47]. 

4.3. Graphene’s Scaffolding Effect on Nitrogen-Metabolizing Enzymes Activities 

Extracellular soil enzymes are the biological mediators of organic matter decomposition and 
nutrient cycling, and their activities reflect soil ecological health [48]. Within the nitrogen cycle, 
nitrate reductase (NR) and nitrite reductase (NiR) serve as rate-limiting enzymes, while urease and 
protease govern the mineralization of applied urea and native proteins [49]. Our results 
demonstrated stage-specific enhancement of NR, NiR, urease, protease, and hydroxylamine 
reductase (HAR) activities under moderate graphene (G2, G3) treatments . 

The mechanism underlying this enzymatic enhancement relates to graphene’s function as a 
nanoscale immobilization scaffold [22]. Free extracellular enzymes in soil are susceptible to 
proteolytic degradation, thermal denaturation, and irreversible binding to clay minerals. The two-
dimensional planar structure of graphene provides an extensive, chemically active surface for 
enzyme adsorption [50]. Enzymes bind to graphene sheets via hydrogen bonding, van der Waals 
forces, and electrostatic interactions mediated by oxygenated functional groups. This immobilization 
stabilizes the enzyme’s active conformation, shielding it from denaturation, while simultaneously 
concentrating substrates (such as urea or nitrate) at the active site, thereby increasing enzyme–
substrate collision frequency and catalytic efficiency [51]. 

Concurrently, by alleviating soil compaction and improving aeration, graphene creates 
favorable micro-habitats for the proliferation of aerobic microorganisms that synthesize these 
enzymes [22]. However, consistent with the hormesis principle commonly observed in nanomaterial 
ecotoxicology, a “low-dose stimulation, high-dose inhibition” biphasic response was evident [52]. At 
the VT and R6 stages, the G4 treatment significantly suppressed urease and HAR activities. This high-
concentration inhibition likely results from nanoparticle agglomeration, whereby aggregated 
graphene sheets physically block enzyme active sites, or from excessive nanomaterial loads inducing 
oxidative stress and membrane damage in microbial cells, inhibiting enzyme biosynthesis [53]. 
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Therefore, precise calibration of graphene dosage is essential to realize its biocatalytic benefits 
without disrupting soil micro-ecological equilibrium. 

4.4. Linking Soil Micro-Environmental Optimization Into Maize Yield and Quality 

Crop yield and kernel quality represent the macroscopic outcomes of optimized subterranean 
conditions. Yield formation depends on the continuous accumulation and strategic partitioning of 
photosynthetic dry matter, which is fundamentally constrained by sustained nitrogen availability 
[54]. Previous studies have indicated that nanocarbon amendments can enhance cereal yields [55]. 
Our path analysis revealed that ear row number and 100-kernel weight are the primary determinants 
of yield improvement. 

The G2 and G3 treatments significantly increased cob diameter, kernel row count, and ultimately 
achieved a 10.81% increase in per-plant yield. This improvement is directly linked to graphene-
mediated soil changes: structural loosening facilitated broader and deeper root proliferation for 
enhanced nutrient foraging [56]. Concurrently, the synchronized slow-release of NO3− and NH4+, 
coupled with elevated NR and NiR activities during the critical VT-to-R3 transition, ensured that 
maize plants experienced no transient nitrogen deficiency during the high-demand grain-filling 
period. 

The biochemical composition of maize kernels also underwent significant restructuring. Our 
quality analysis showed that graphene application significantly increased glutelin and total crude 
protein content, along with substantial increases in soluble sugars and sucrose. Conversely, 
amylopectin accumulation was markedly suppressed. This indicates metabolic reprioritization: the 
enhanced nitrogen supply mediated by graphene selectively promoted amino acid and protein 
synthesis pathways, channeling carbon skeletons toward protein and sucrose production at the 
expense of starch polymerization [57]. Consequently, graphene not only enhances yield but also 
improves the nutritional quality of maize grain. 

This study acknowledges certain limitations. The experimental period covers a single growing 
cycle; therefore, the long-term fate of graphene in soil—including its degradation dynamics and 
persistent effects on microbial community structure—requires extended field-scale investigation. 
Future research should integrate advanced transcriptomic and stable isotope probing (SIP) 
technologies to elucidate the molecular mechanisms and gene regulatory networks through which 
graphene influences functional nitrogen-cycling microbial communities, supporting the validation of 
this nanotechnology for commercial agricultural application [56]. 

5. Conclusions 

Appropriate application rate of graphene reduces soil bulk density, enhances the stability of soil 
aggregates, and increases the mean weight diameter (MWD), water-stable aggregate (WSA) content, 
and geometric mean diameter (GMD). These improvements lead to better soil aeration and water 
retention. Moreover, graphene activates nitrogen in the soil and strengthens its nitrogen supply 
capacity. It also significantly boosts the activity of nitrogen metabolism-related enzymes, promotes 
soil nitrogen transformation, and further enhances nitrogen availability. These changes provide a 
material basis for increasing maize yield and improving kernel quality. As a promising nano-carbon 
material for agricultural application, The graphene application rate of 2 g·kg−1 exhibited the most 
pronounced effects in this study. 
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